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CHAPTER I
GENERAL INTRODUCTION
A major portion of research in nuclear physics is 
directed toward systematic identification of the position 
and properties of energy levels in various light nuclei.
With the existence of a level established, the 
parameters appropriate to an energy level which can be 
obtained experimentally are the excitation energy of the 
level, the transition probability or lifetime, the partial 
lifetimes or widths for decay via the various 
energetically possible channels, the total angular 
momentum or spin, the parity and whenever applicable, the 
isobaric spin quantum number. Two other ground state 
level parameters may sometimes be obtained for excited 
states. These are the magnetic dipole moment and the 
electric quadrupole moment.
Gamma-ray spectra constitute an essential part of the 
data required for the derivation of nuclear level schemes. 
The information obtainable from observations of y-ray 
transitions can be classified into three categories:
1
21. The transition energies of y-rays determine the 
energy differences between levels.
2. The geometrical properties of a y-ray, i.e. , the 
angular distribution of its intensity and polarization 
determine the multipole character of the radiation and 
the spin and parity of the levels involved.
3. Gamma-ray branching ratios of bound states and 
the multipole admixtures of the cascade members provide 
sensitive tests of predictions based on various nuclear 
models.
Gamma-ray spectroscopy lacked the precision possible 
with various methods of particle spectroscopy for many 
years and was handicapped by the fact that the energy 
response of detectors is much more complicated than those 
of charged particle detectors. Furthermore, particle 
capture reactions, which are potentially the most 
valuable means of exploiting gamma-ray spectrocopy, are 
weaker by several orders of magnitude than reactions 
which proceed by way of particle emission.
Scintillation methods of y-ray detection with Nal(Tl) 
crystals, which provided high counting efficiency and 
moderate resolution to resolve y-ray energies, greatly 
extended experimental possibilities especially with regard 
to y-y coincidence measurements. The recent advent of
3Ge(Li) detectors has been a major advance in y-ray 
spectroscopy; the high resolution and moderate counting 
efficiency of the detector enabling y-ray spectroscopy to 
be more accurate in many respects than magnetic particle 
analysis. The high resolution and the corresponding 
accuracy with which gamma-ray energies may be determined 
has allowed identification of y-rays in complex singles 
spectra with more confidence. Thus pre-measurements of 
y-ray spectra with a Ge(Li) detector have become an 
essential prerequisite to guide in the selection of 
cascade gamma-rays for y-y coincidence correlation 
measurements with Nal(Tl) detectors.
It is the purpose of this thesis to study the de­
excitation process of several capture reactions with 
Nal(Tl) and Ge(Li) detectors. Studies of ^C(p,y)"^N and 
^ N ( p ,y ) ^ 0 reactions were made using 5" x 4" Nal(Tl) 
detectors. Accordingly, the analysis of y-ray 
scintillation spectra using the method of least squares 
line shape fitting is described in Chapter II.
Chapter III describes angular distribution 
measurements of y-rays de-exciting from a weakly excited
14state in N. The spin and parity of the level were 
uniquely determined,
Chapter IV describes the measurements of excitation 
functions of y-rays from the reaction N (p , y)'*"^ 0 in the
4proton energy range of 1.7 to 3*0 MeV. This reaction is 
of particular astrophysical importance because its 
reaction rate at stellar proton energies determines the
1 4abundance of N in equilibrium in burning stars. The 
possible effect of resonances at higher proton energies 
on the cross section at stellar energies is examined.
Chapter V describes the properties of a large volume 
Ge(Li) detector available in this department and the 
analysis of y-ray complex spectra obtained with the 
detector. Though the method of line shape analysis is 
similar to that used in the analysis of scintillation 
detector spectra, it was considered desirable to separate 
the discussion from Chapter II since many of the 
techniques appropriate to its use and analysis of data 
from the detector had to be developed.
In Chapter VI the application of the Ge(Li) detector 
2 6 27to the study of Mg(p,y) 'A1 resonances, in which the 
decay schemes of resonance levels at 662, 7 1 9 , 809, 839, 
954 and 982 keV were deduced, is described. Angular 
distribution measurements at 719, 809 and 95^ keV 
resonances have established the spins of a number of
excited states.
5CHAPTER II
ANALYSIS OF GAMMA-RAY SCINTILLATION SPECTRA 
1. Introduction
The analysis of complex y-ray spectra is complicated 
by the interaction of y-rays with the detecting crystal 
through three different processes, namely, the 
photoelectric effect, the Compton effect and pair 
production, which are energy dependent and by the pulse 
distributions due to these processes which further depend 
on the crystal dimensions, detector geometry and the 
angular distribution of the y-rays. The response function, 
which is defined as the set of pulse height distributions 
due to different processes as a function of y-ray energy, 
must be known for all y-rays which exist in the complex 
spectra before any analysis can be made. Since it is 
impractical and almost impossible to provide all response 
functions which have the energies required in the spectra 
to be analyzed, they were obtained by interpolation 
procedures.
In the analysis of a complex y-ray spectrum, the 
method was the following:
6(1) establish the gain (energy/channel) and zero 
intercept of the spectrum to be analyzed
(2) subtract the room background
(3) identify the energies of all y-ray components in 
the spectrum
(4) for each y-ray component, generate the line 
shape by interpolation
(5 ) determine the intensity of each y-ray component 
by the method of least squares
(6) correct each intensity by the detector 
efficiency appropriate to the y-ray energy.
The method described above was used in the analysis 
of y-ray spectra obtained from the reactions ^^C(p,y)^^N 
and 1^N(p,y)1^0. Since 5 M x 4" Nal(Tl) crystals were used 
for measurements of both reactions to detect y-rays 
emitted as the result of proton bombardment, the 
spectrometer assemblies were similar and the techniques 
involved in the analysis of data were not very different, 
they are summarized in one chapter.
2. Interaction of gamma-rays with matter
The mechanisms of y-ray interaction with matter are 
briefly discussed here, since an understanding of them is 
important for y-ray spectroscopy.
7Gamma-rays interact with matter by one of the three 
processes: the photoelectric effect, the Compton effect
and pair production.
In the photoelectric process, the y-ray is absorbed 
by a bound electron in atom with the result that the 
electron is ejected from the atom with an energy equal to 
the incident y-ray energy less the binding energy of the 
electron to the atom. The photoelectric absorption cross 
section in the K-shell is expressed by Heitler (HE ^ >k ) as
.... (2.1)a « z 5e  3-5photo Y
where Z = atomic number,
Y y-ray energy
Thus the photoelectric absorption increases very rapidly 
with atomic number and decreases very rapidly with y-ray 
energy.
In the Compton effect, the y-ray is inelastically 
scattered by a virtually free electron; the cross section 
is given by Klein and Nishima as
"Compton “ ZEY-1 [log(2EY/mC2 ) + 1 / 2 f 1 ..... (2.2)
where m = electron mass,
C = light velocity.
Thus the Compton cross section increases linearly with Z 
and decreases approximately linearly with y-ray energy.
The energy of the scattered electron ranges from zero to a
8maximum value Ec corresponding to y-rays being scattered 
through 180°. Ec is calculated from equation (2.3)*
Ec = E y/(1 + mC2/2EY ) ..... (2.3)
The scattered photon may escape from the absorbing 
material or may be further absorbed.
In pair production, a y-ray with energy greater than
1.022 MeV (2mC ), the threshold energy for this process, 
can lose its energy by creating an electron-positron pair 
in the field of a nucleus. Any y-ray energy in excess of
1.022 MeV appears as kinetic energy of the outgoing pair. 
The pair production cross section is expressed by Heitler 
(He 54) as
°pair “ Z2 [log(2EY/mC2 ) - 218/27] ..... (2.4)
Thus the pair production cross-section increases rather 
rapidly with atomic number and y-ray energy. Associated 
with pair production is the subsequent creation of two 
511 keV photons from the annihilation of positrons when 
they come to rest in matter.
3* Response of Nal(Tl) crystal to gamma-rays
When y-rays interact with a Nal(Tl) crystal, the 
photon energy is absorbed in the crystal through the three 
principal processes described previously. The result of 
the interaction is the transfer of photon energy partially 
or completely to electrons or electrons and positrons
9depending on the absorption processes which occur. The 
electrons or positrons in turn produce scintillations in 
passing through the phosphor; the total, light output is 
proportional to the electron energy and is independent of 
the processes by which the y-ray energy is absorbed. The 
electron energy is in fact transferred back to photons of 
an energy detectable by a photomultiplier coupled to the 
phosphor. To conclude, one photon of energy is 
transformed into a light pulse of approximately constant 
wave length but with an intensity directly proportional to 
the energy deposited in the crystal.
From this complex process, the resultant pulse 
distribution (or y-ray line shape) is not only a function 
of photon energy and crystal dimensions, but also depends 
on the impinging direction of the y-ray and the position 
at which it interacts with the crystal. Thus detector 
geometry and the y-ray angular distribution affect the 
y-ray line shape.
When a y-ray impinges on the center of a crystal, the 
probability of all of the photon energy being absorbed in 
the crystal is much higher than when it impinges on the 
edge of the crystal. This is because in the former case, 
the likelihood of the scattered y-rays and annihilation 
y-rays escaping from the crystal is reduced. The same
10
result is obtained if a large crystal is used. Edge 
effects become important when the y-ray distribution is 
very anisotropic or when a small detector is used.
For a given experimental arrangement, the y-ray line 
shape is mainly determined by photon energy. The y-ray 
line shape of Nal(Tl) crystals is discussed below 
according to the photon energy is greater or smaller than 
the pair production threshold energy.
When the y-ray energy is below 1.022 MeV, only the 
photoelectric and Compton scattering processes can take 
place. Absorption by the photoelectric process produces a 
well defined peak of approximately Gaussian distribution 
corresponding to the incident y-ray energy due to the 
absorption of the photoelectron and the iodine K X-ray. 
Though the X-ray of energy 28 keV may escape from the 
crystal, the effect is negligible when y-ray energy is 
above 250 keV, since the y-ray penetrates more deeply 
before most of its energy is absorbed. The Compton 
scattering shares the incident y-ray energy between an 
electron and a scattered photon which may escape from the 
crystal or may further interact to deposit some or all of 
its energy in the detector. The pulse distribution which 
results is a continuum extending from just below the 
photopeak to zero energy. The Compton edge appears at 
energy Ec of equation (2.3)»
11
Not all Compton interactions contribute to the 
Compton distribution, a complete secondary absorption of 
scattered quanta will lead to light yields equal to that 
from the direct photoelectric effect. This is true for 
all cases, namely, if a y-ray is completely absorbed by 
any combination of the three processes the resultant pulse 
will appear in the photopeak, for this reason the 
photopeak is often referred to as the full energy peak.
For y-ray energies above 1.022 MeV, production of a 
positron and electron pair is possible, though in Nal(Tl) 
crystal this process does not become significant until the 
photon energy is above about 2.5 MeV. The y-ray energy in 
excess of 1.022 MeV appears as kinetic energy shared 
between electron and positron. The higher energies of the 
electrons and positrons make the bremsstrahlung losses more 
significant than in the other two processes which dominate 
at low photon energies; however, the kinetic energy of the 
electron-positron pair can be nearly completely absorbed 
in the crystal, though there is a chance for the 
bremsstrahlung to escape from the crystal and to 
contribute a 'tail' in the spectrum.
When the positron comes to rest in the crystal, 
annihilation with a nearby electron produces two photons 
of 511 keV y-ray which may escape from the crystal.
12
Assuming total absorption of electron and positron energy, 
peaks appear in the pulse distribution depending on 
whether both photons are detected in the crystal (full 
energy), only one is detected (single escape) or both 
escape from the crystal (double escape).
From the foregoing discussion it follows that the 
response of Nal(Tl) crystal to a monochromatic y-ray is to 
produce a complicated pulse height distribution which is 
mainly determined by the incident y-ray energy and the 
experimental arrangement. To analyze a complex spectrum 
obtained from the simultaneous detection of several 
monochromatic y-rays, the individual y-ray line shapes or 
the response function must be known.
4. Measurement of standard gamma-ray line shapes
In principle, the response function of a Nal(Tl) 
crystal to y-rays can be calculated by Monte Carlo methods 
though the procedure is tedious and time consuming. The 
advantage of experimentally measuring the standard y-ray 
line shapes is that the standards can be measured under 
the conditions which are identical to those under which 
the collection of the y-ray spectra are performed.
In choosing sets of standard y-ray line shapes, the 
energy range of the y-rays was chosen according to the 
y-ray components in the spectra to be analyzed which
13
during the present work extended over the energy range of 
2.5 to 10.0 MeV. To span this range, five line shapes 
corresponding to y-ray energies of 2.367? 4.433? 6 .129? 
8 .O6O and 10.5^0 MeV were measured. Table 2.1 summarizes 
the reactions and bombarding energies used to obtain the 
y-rays. The reactions were chosen on the basis that they 
provided reasonable y-ray yields of relatively 
monochromatic y-rays with energies dividing the energy 
range of interest into roughly equal intervals and that 
the targets were simple and available.
Table 2.1
Reactions used in the measurement of standard
y-ray line shape
E (Mev) Reac tion Ep (keV)
2.367 1 2 c(p,y )13n 459
4 .433 15n (p , av)12c 429
6.129 19f (p , ay)l6o 597
8.060 13C(p,y )i4n 554
10.540 2h l ( p , Y)28Si 759 (BA 6l)
To generate a standard y-ray line shape from the y-ray 
spectrum collected from a nuclear reaction, the room 
background was subtracted and an estimate of the
continuum made for the low energy portion of the 
spectrum. The 'tail* was assumed to be flat to the zero 
channel. This approximation was necessary because of low 
energy y-rays existing in the spectra. Figure 2.1 shows 
the 8 .O6O MeV y-ray line shape as measured from the 
reaction ^^C(p,y)^^N at the Ep = 55^ keV resonance. The 
solid line shows the tail. This raw line shape was then 
divided into a number of intervals and a function fit was 
used to fit the line shape of each interval. The 
original line shape was then re-generated from the 
function, thereby eliminating any statistical 
fluctuations in the line shape. Due to the initial 
estimate of the continuum the five line shapes so 
obtained were not exact. In order to refine the result, 
least squares fitting to the measured spectra was used to 
estimate the intensities of low energy y-rays superposed 
on the continuum. The low energy y-ray line shapes were 
obtained by interpolation between the raw line shapes.
The low energy y-rays were subtracted from the measured 
spectra to obtain a flat region representing the true 
continuum. Figure 2.2 shows the flat region as obtained 
from the method of least squares fit. It can be seen 
that the first approximation of the continuum was too
high.
Figure 2.1
The 8.06 MeV y-ray line shape as measured from 
the reaction ^ C ( p , y ) 1^N at Ep = 55^ keV 
resonance. The solid line shows the first 
approximation to the tail.
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Figure 2.2
The 8.06 MeV y-ray line shape with the tail 
estimated from the subtraction of low energy 
y-rays, the intensities of which were obtained 
from least squares analysis. The solid line 
shows the first approximation to the tail.
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Figure 2.3
The standard y-ray line shapes of energy 2 .367, 
4.433, 6.129, 8 .O6O and 10.540 MeV with each 
line shape normalized to have an integrated 
intensity of 500,000 counts.
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Similar procedures were used to generate the other 
standard y-ray line shapes. Figure 2.3 shows the 
standard y-ray line shapes with each line shape 
normalized to an integrated intensity of 500,000 counts. 
The variations of relative height of the full energy 
peak, single escape peak, double escape peak and Compton 
continuum according to y-ray energy are evident.
5. Generation of line shapes of energies other than 
those measured
5.1 Function fits
Statistical scatter within the line shapes can be 
smoothed out by fitting an anlytic function to the y-ray 
line shapes. A computer program called FUNFIT (see 
Appendix) was developed to generate a set of coefficients
A, B, , B^ ) ......_» ^15
such that the analytic function
!5 WrTA + B(X - X ) + S B  sin(----- -- (X - X ))
0 k=l k xi - X0 0
is a fit to the spectrum in the range of channels to
(interval of fit). The total spectrum was divided
into a number of intervals and fitted interval by
interval. In applying the function fit to a particular
interval, the number of coefficients and the magnitude of
the sum of the squares of residuals are specified. After
16
a set of coefficients has been generated, the program
regenerates the original spectrum with original gain,
zero and intensity from the analytic function. The fits
to original data points were examined carefully and the
number of coefficients for each interval readjusted until
the original line shape was reproduced faithfully from
the function. To obtain a smoothing effect, the number
of coefficients should be less than the1 number of data
points in that interval. The residuals (FIT - DATA) for
each point were calculated in the program and the sum of
the squares of residuals (dg~) for each interval was
calculated. This value was compared to the value which
was specified before the fitting. An exact reproduction
of original line shape (Gg = 0) will not attain the
purpose of smoothing. The statistical nature of the data
2suggests the best value of Gg to be specified is of the
order of the total counts of spectrum fitted in that
interval. The program automatically increases the number
2of coefficients by one if the value of Gg is greater 
than the value specified and re-calculates a set of 
coefficients.
To obtain a smooth transition between neighbouring 
intervals, an interval of use is used to define a common 
boundary. The interval of use nests in the interval of
17
fit. The coefficients of the standard line shapes were 
all normalized in the program to have specific values for 
gain (50 keV/channel), zero (O channel) and intensity 
(one). This has the advantage that each y-ray line shape 
can be measured with different gains and zeros which 
could result from gain shifts in the system.
Ferguson (FE 62) used polynomials to fit y-ray line 
shapes instead of the Fourier series as described above. 
Each spectrum was divided into four regions according to 
(a) full energy peak, (b) single escape peak, (c) double 
escape peak and (d) Compton distributions. This is 
different from the method described here where as many 
intervals as are required can be used allowing the 
function to converge to the original shape much faster 
within a small interval with only a few coefficients. A 
large interval needs more coefficients to represent the 
line shape, a ninth degree polynomial was used by 
Ferguson to represent each of the four regions defined 
above. Since each polynomial has ten coefficients, a 
total of 4o coefficients represents the entire spectrum. 
Because of the high degree of polynomial used, the 
polynomial approximations generally rapidly diverge to 
+_ 00 beyond the range of approximation. To eliminate this 
rapid fluctuation a variable given by
18
§ 2
+ 1
was introduced to represent each of the 4o coefficients.
is the y-ray energy of the line shape and is an 
arbitrary energy chosen near the middle of the range of 
energies to be represented. The 40 coefficients are now 
represented by polynomials in The degree of the
polynomial to represent the § variation is determined by 
the number of standard line shapes used, for five sets of 
standard line shapes the degree is four, i.e., five 
constants. So for five sets of standard line shapes, a 
total of 200 coefficients are required by Ferguson.
Fourier series use sine functions to represent 
y-ray line shapes so that there is no exponentiation of 
high power which could introduce truncation errors in 
computer calculations due to the large numbers 
encountered. The function generated in this way can be 
used successfully for interpolation as well as for 
extrapolation.
Another method of line shape fitting has been 
described by Heath et al. (HE 67), in which a 'modified 
Gaussian* function of the form
y(x)=yQ [l+ai (x-x0 )\-a2(x-x0 )12 ] exp | -(x-x0 )2/b0| . . (2 .5 )
19
was used to fit the photopeak shapes, while the low 
energy part of line shape was fitted with a Fourier 
series similar to the method used in this experiment.
For each photopeak, five parameters i , e . , x^, y^, b^, 
and d2 are required to determine the peak shape. In 
equation (2.5)? y is the calculated count at channel x,
Xq and y-Q is the channel number and counts at the center 
of the peak, b^ is related to the full width at half 
maximum of the peak, (X^ and Ot^ are represented by 
polynomials of the form
2 3log a = aQ+a1(log x0 )+a2(log xQ ) +a^(log xQ)J ... (2 .6)
The complications introduced by equations (2.5) and (2.6) 
have not much physical meaning in themselves, the method 
used in this experiment seems to include the advantages 
of Ferguson and Heath and retain its simplicity.
5*2 Methods of Interpolation
After five standard line shapes were obtained to 
comprise the response function, the line shape 
appropriate to a y-ray of intermediate energy can be 
generated by interpolation. The coefficients of each 
y-ray line shape was first normalized to the gain and 
zero of the experimental spectrum to be analyzed and the 
actual y-ray line shapes of each standard were reproduced
from the function.
20
To obtain a point in the interpolated spectrum there
is a maximum of five points to be used in interpolation.
The polynomial interpolation described by Ferguson would
use all five points to determine the value of §, so for
every interpolated y~ray line shape, 5 x 4o polynomial
constants were calculated. The line shape of required
energy was then reproduced from these coefficients.
Heath (HE 66) varied the number of points used in the
interpolation so as to obtain best fit to the data points.
Since the shapes of the various prominent features such
as photopeak, Compton shoulder and pair peaks vary very
rapidly with energy, only y-ray line shapes of nearest
energy should be used for interpolation. Two points and
three points have been used to analyze the present data.
The actual interpolation was carried out channel by
channel using Lagrange 1s interpolation formula (WH 44).
If y is the number of counts of a point in the
interpolated spectrum of energy E^, and three points
71 , y^ and y^ corresponding to the counts of three
standard y-rays of energies E , E and E then y isY * Y J
expressed as
(Ey”Ey2> (Ey”Ey 3)y 1 E^Y‘EYl^EY"EY3^ y2 E^v' E Yl^  ^ EY‘EY2^y3
( E Ey2^  ^ Eyi”EY3^ (EY2_Eyi^  ^ EY2~EY3^  E^Y3-EY1^  ^ EY3_EY2^
The interpolation of y-ray line shapes from an 
analytic function has the advantage that the gain and zero
Figure 2.4
The standard y-ray line shapes of energy 2.367 , 
4.433, 6.129, 8.060 and 10.540 MeV with the 
full energy peaks of each y-ray line shape 
aligned and normalized to the same height.
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of interpolated spectrum can be easily adjusted to the 
experimental spectrum by re-calculating the coefficients. 
However, this method is subject to hidden errors due to 
insufficient representation of line shape by analytic 
functions. To avoid this, interpolation of y-ray line 
shape of intermediate energy can be carried out from the 
smoothed standard line shapes. To achieve this, the full 
energy peaks of each y-ray line shape were aligned and 
normalized to the same height as shown in Figure 2.4. The 
interpolated spectrum was then re-adjusted to the required 
gain and zero of the experimental spectrum. Two 
subroutines called PUSH and PULL were developed to 
compress or expand the interpolated spectrum if the gain 
of the experimental spectrum was greater or smaller than 
the gain of the standard line shapes.
6. Coincidence sum spectrum
The coincidence sum spectrum discussed here is 
different from random coincidences due to uncorrelated 
radiations which are detected within the resolving time 
of detection system. Due to the low yields of y-rays 
emitted from the reactions studied random summing was 
small and not considered in the analysis.
The summing effect, due to true coincidences between 
two cascading radiations, results in a pulse distribution
22
from the minimum detectable height to the sum of the 
maximum pulse height obtainable from the individual y-rays. 
The most prominent feature of the spectrum is that it 
contains sum peaks which result from coincident detection
V
of pulses from full energy peaks and pair peaks of the 
two coincident y-rays. The sum spectrum was calculated 
in the subroutine called SUMSPE. The pulse height 
spectra for the two coincident y-rays G^(x) and G^(x) 
were first generated from the interpolation between the 
standard y-ray line shapes. Let the probability of 
simultaneously detecting gamma 1 in channel x^ and gamma 
2 in channel x^ be the product G^ ( x^ ) G^( x^ ) which is the 
probability of producing a pulse in the sum spectrum in 
channel (x^+x^). The total contribution to any channel x 
of the sum spectrum is equal to the sum of contributions 
from all pairs of channels for which x^+x^x. This is 
expressed as
x
S(x) = £ g 1(x 1)G2(x - x 1)
n= 1
In principle the summation due to three or four y-rays in 
cascade could be calculated. These were actually not 
considered in the analysis due to low detection 
efficiencies of the experimental set up. The effect of 
y-ray angular distribution was not taken into account in 
generating the coincidence sum spectrum in the present work.
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7. Method of least squares analysis
If the number of y~ray components present in the 
spectrum to be analyzed and their energies are known, the 
least squares method of analysis can be programmed for 
computer analysis to obtain their intensities. These 
requirements are not as restrictive as it might seem to 
be since the result of first estimates may be observed and 
the second estimates with corrections in these 
specifications were made until a good fit to the data is 
obtained. This method was used by Ferguson (FE 6 2) and 
Helmer et a 1 . (HE 67a) and proved to be more satisfactory 
than graphical techniques.
If a. . is the counts in channel i of the j th ij
component which has an intensity of and if there are m 
components contributing to channel i to make a total 
counts of b^ in the experimental spectrum, then
b . - E a . .X . + z .
1 j=i 1J J
where z. is the random error.l
(2.7)
If there are n data points (n^m), the best value of
X. are obtained by minimizing R, the sum of the squares of J
i* ? 2E w . z .
± ~  1 1 1
n m
E w . [b . ~ E a . .X . ]' 
i=i 1 1 j=i 1J J
where w^ is the weighting factor.
(2.8)
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R is minimized by differentiating equation (2.8)
partially with respect to X_ and equating to zero. A set
of m linear simultaneous equations are obtained and may
be solved to obtain values for X . !s.J
m n n
Z Xj Z w±aika = ^ wiaikbi (k=1)2>3)...,m) .. (2 .9)
j — 1 1 — 1 i—-1
The solution of the normal equations is most 
conveniently done by matrix techniques, which have the 
advantage that the mean square deviation of each X^ is 
equal to the jj th diagonal element of the inverse matrix. 
If equations (2 .9 ) are written in matrix form
then the solution is X = C Y^.
The inverse matrix C is calculated in a subroutine 
called MATINV.
Since each data point has statistical distribution,
each value of X_ calculated is also accompanied by
statistical variation, the mean square deviation for j th
component is expressed by Rose (RO 53) as (assuming w.= ““  )
°i
= c j j ' 1 (2 .10)
- 1where C . . is the jj th diagonal matrix element of the J J
inverse matrix C This is a measure of the deviation
of Xj to be expected on purely statistical bases. Other
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sources of error due to experiment and line shapes may 
actually occur. The test of the fit is expressed as chi- 
square, and is defined as
X2 = 2 w (FIT - b )2
i= 1
(2.11)
where FIT . = E a . .X . 
1 j = i  1J J
The value of X should be of the order of n - m,
number of degrees of freedom, for an ideal fit. A value
of X /(n - m ) appreciably greater than unity implies that
errors other than those due to statistics have been
introduced into the system. Wrong energy assignments and
an insufficient number of components used in the fit will
2also increase the value of x • The mean error in X. hasJ
been given by Rose as
X(X .) = . 7------ w  . .J J (n - m) j j-C
-1 (2 .12)
The mean error includes all sources of error and not just 
the statistical errors.
The weight w_^  for each data point is governed by the
equation (2.11) which shows weight is inversely
2proportional to a . If the normalization constant is 
ignored, w^ is expressed as
1w . =
1 '
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2Since the values of Cf (b^) for each data point will
not be known until an actual least squares fit is
performed and the residuals calculated for every point;
as a first approximation unit weight to every data point
could be used and iterative procedures used to correct
weights by the value obtained from previous fit until a
required precision has been obtained. This elaborate
procedure of analysis, however, was not attempted in this
2work. The reason is that the value of y which is based 
on equation (2.1l) does not necessarily mean a good fit 
when it is minimized by iterative procedures; on the 
other hand a plot of data and fit after first 
approximation shows the direction to improve the fit.
The Poisson distributions of data points which are true 
for nuclear disintegration events suggest for the weight 
the inverse of data as the first approximation, since 
the standard deviation is equal to the square root of the 
total counts accumulated in that channel. Ferguson used 
an inverse of fit as weight, since fit is not available 
before least squares analysis is performed an iterative 
program was used for the analysis. In the present work, 
weight equal to unity and inverse of data for each data 
point were both used in the analysis.
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Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure Captions
The 8.06 MeV y-ray line shape as measured 
from the reaction ^ C ( p , y ) ^ N  at Ep = 554 
keV resonance. The solid line shows the 
first approximation to the tail.
The 8 .06 MeV y-ray line shape with the tail 
estimated from the subtraction of low 
energy y-rays, the intensities of which 
were obtained from least squares analysis. 
The solid line shows the first 
approximation to the tail.
The standard y-ray line shapes of energy
2.367, 4.433, 6.129, 8 .O6O and 10.540 MeV 
with each line shape normalized to have an 
integrated intensity of 500,000 counts.
The standard y-ray line shapes of energy
2.367, 4.433, 6.129, 8 .O6O and 10.540 MeV 
with the full energy peaks of each y-ray 
line shape aligned and normalized to the
same height.
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CHAPTER III
, 1 4THE 8.49 MeV STATE OF N
1. Introduction
In a recent report (EA 64) on the ( p , p ' ) reaction, 
a low energy particle group was observed but its 
properties were not well determined. If the group was
1 4assumed to be inelastic protons from N, then an
1 4excitation energy in N of 8.57 +. 0*05 MeV, 
intermediate between a known level (AJ 59) at 8.63 MeV 
and the state reported by Miller et al. (MI 56) at 8.45 _+ 
0.07 MeV, was indicated. No check on the type of 
particle or on the mass of residual nucleus was made 
since the particle group was only observed at low 
energies and a forward angle.
Later measurements at higher incident proton 
energies have shown that the observed particle group was 
actually two overlapping groups of comparable intensity. 
One of these was from the ^N(p,d) reaction to the 
ground state while the other was from the ^N(p,p')
1 4reaction to a N state estimated to be at 8.52 +. 0*05 
MeV. The identification was made by varying the gas 
pressure, by interposition of foils and by kinematic 
checks for the mass of the target nucleus (HE 64).
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14The state in N at 8.52 +_ 0.05 MeV is certainly the 
same state as the one seen at 8.45 ± 0.07 MeV by Miller 
et al. (MI 56). Comparisons with the more precise 
determination of 8.49 MeV by Armstrong et al. (AR 6l,
DE 65), using the ^ C ( p , y ) ^ N  reaction, show good
1
agreement for both the N(p,p') and the N(a,a') 
reactions (EA 64, MI 56). For the remainder of this 
chapter, the state will be referred to as the 8.49 MeV 
state. Observation of inelastic CX-particle scattering 
to the 8.49 MeV state establishes its T = 0 character.
Following the arousal of interest in 8.49 MeV state, 
an attempt was made to determine the spin and parity of 
the state by angular distribution and yield measurements 
of the 1^C(p,Y) reaction in the vicinity of 1012 keV 
resonance. Meanwhile, Detenbeck et a l . (DE 65) measured 
and published yields and angular distributions of gamma- 
rays from several small resonances in the ^C(p,y) 
reaction. However, recent correspondence (DE 67) has 
disclosed an unsatisfactory feature of the angular 
distribution measurements of these workers.
Because of problems with target uniformity and 
stability, Detenbeck et al. used a multiple detector 
array with several runs at interlaced angles. The 
extracted y-ray intensities were used as input data for 
an analysis of the angular distribution curve, with the
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Legendre polynomial coefficients and the relative 
normalizations for the individual runs being adjusted to 
achieve a least squares fit. In the extraction of the 
y-ray intensities, large corrections were needed (DE 67) 
for y-ray attenuation in the target and the target 
chamber. These corrections were uncertain (DE 67) 
because the attenuator angular structure was smaller than 
the detector aperture and because the corrections were 
based on the attenuation of an isotropic distribution in 
a situation of good geometry.
The corrections, if large, cannot be evaluated 
satisfactorily unless the angular distribution is known 
or assumed beforehand. In addition, the different 
detectors in the multi-detector array were not all at the 
same distance (DE 67) from the target making it difficult 
to apply accurately the correction to the angular 
distribution coefficients needed to allow for the finite 
size of the detectors. Detenbeck et al. chose not to 
apply this finite size correction but claim (DE 67) to 
absorb the uncertainty in the errors attached to the 
angular distribution coefficients.
This claim is unfounded, as can be demonstrated by 
an application of the correction appropriate to the 
approximate detector geometry described (DE 65). The 
corrections so obtained are increases of 8$, 27$ and 70$
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respectively for the P^ , P^ and coefficients. If one 
allows for a + 25$> uncertainty in estimating the 
magnitude of these increases, then the corrected 
experimental, angular distribution of Table 2, ref. (DE 
65) would become
W( 0) = 1 + (o. 59±0.06)P^( cos 0 ) - ( 0.61 + 0.08 )P^(cos 0)+(O.12+ 
0.12)P6(cos 0).
This is to be compared with the published uncorrected 
distribution.
W( 0) = 1+(0.55 + 0.05)P2 ( cos 0)-(O.48 + O.O6)PZf(cos 0)+(O.O7+
0.07)P^(cos 0).
It will be noted that the change in the magnitude of the
P^(cos 0) coefficient is large compared with the assigned
error and that the magnitude of the P2 (cos 0) coefficient
is also changed significantly.
The extra smearing caused by the y-ray attenuation
is to be combined with the effect already calculated. As
a result of the correction not made, the comparisons of
the theoretical and smeared experimental angular
distributions in Table 2, ref. (DE 65) are meaningless.
Table 2 was calculated for those Jn assignments
considered possible on the basis of intensity and
TTbranching ratio measurements of the three J assignments 
in this Table, the 3 + assignment is the only one still 
able to match the revised experimental angular
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distribution coefficients. This assignment is discarded 
because it would require approximately equal E3 and E 1 
intensities and therefore a very large E3 enhancement 
(« 10^), as already discussed (DE 65). The best fit for 
a 4“  assignment is still the distribution for pure 
channel spin 0 given by Detenbeck et a l .
W(0) = 1 + 0 .51P2(cos 0) - 0.37 P^ (cos 0)
The assignment of the quoted theoretical distribution in 
Table 2, ref. (DE 65), for pure channel spin 1 formation 
of a 4 state is in error. It is actually the 
distribution for pure channel•spin 0 .
The differences of the theoretical P^(cos 9) and 
P^(cos 9) coefficients from the revised experimental 
values are now 2 and 3 times the quoted errors 
respectively. The disagreement of the revised 
experimental coefficients with the best fit for a 2 
assignment is similar.
Detenbeck et a l . originally rejected a 2 assignment
for the 8.49 MeV state on the basis of the required
inhibitions for several El and Ml transitions to lower
lying levels. The transitions involved are between T = 0
levels in a self-conjugate nucleus and hence are expected
(WI 60) to be inhibited. The assumed Ml radiations would
_ 3have strengths of the order of 10 .Weisskopf units, 
which are typical values (WI 60) for inhibited Ml
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transitions. When the strengths of the assumed El 
transitions are compared with the histogram ( WX 6o) for 
inhibited El transitions, it is seen that two of the 
strengths can fall in the known range while two can fall 
just outside the known range of strengths. The latter 
strengths (<10 Weisskopf units to the 3*95 MeV state 
and <2 x 10 ^ Weisskopf units to the ground state) are 
out of the known range by factors of approximately 2 and 
10 respectively. However, the known range of strengths 
has a wide distribution, covering 3 orders of magnitude. 
Furthermore, these two strengths are of a magnitude 
comparable with the strength (NE 63) of the known 
inhibited El transition between the 3*10 MeV state and 
ground state. Again, the two strengths in question are 
both larger than a known uninhibited El transition in a 
neighbouring nucleus (from the \+ state at 7*53 MeV in
J0 to the ^ ground state, having a strength of
—  6approximately 10 Weisskopf units). Therefore, contrary 
to the previous assertion (DE 63), a 2 assignment cannot 
be ruled out on the basis of intensity measurements alone.
Recently, Gallmann et al. (GA 68) have populated the
8.49 MeV state of 1 by means of the reaction 
^C(^He,p)^N. The proton group to the 8.49 MeV state 
was detected near 180° and the angular correlations of 
y-rays in time coincidence were studied. Certain
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numerical relationships must hold between the angular
1 3distribution coefficients measured in the ^C(p,y) 
reaction at 8.49 MeV state and the coefficients measured
for the same transition when the populating reaction is
12 3 oC(JHe,p) with the protons detected close to 180 .
Defining the ratio?
= (coefficient of P9 in 1 ^ C(p,y))/(coefficient of P^ 
in 12C(3He,py))
TTand a similar ratio ; it follows that for a J 
assignment to the 8.49 MeV state:
0.50 £ R2 <; 1.00 for J17 = 2-, 3“ , 4±
0.50 ^ R^ ^ 1.00 for J71 = 4-
0.17 ^ R^ ^ 3 .00 for Jn = 3—
— 00 ^ R^ ^ 00 for J = 2—
Gallmann et a l ., after a small correction for the 
finite size of their detector, find, for the 8.49 MeV to 
5.10 MeV transition:
W(6) = 1+(0.40+0.13)P2 (c o s 0)-(O.17+0.17)P^(c o s 6)
If this is compared with the revised coefficients of 
Detenbeck et a l . (with zero P^(cos 0) coefficient), there 
is only 5$> probability that the ratio R^ is in the valid 
range and only a 2(/> probability that the R^ ratio is in 
the valid range for a 4~ assignment. These probabilities 
reinforce one another, but to an uncertain extent because 
the correlations between the errors in the P^ and P^
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coefficients for these experiments are not known. 
However, it is clear that either the 4 assignment (DE 
65) to the 8.49 MeV state is incorrect or else that at 
least one of the angular distributions that have just 
been compared is incorrect.
In conclusion, no satisfactory spin and parity 
assignment has yet been made for the 8.49 MeV state of
2. Experimental procedure
The 1.2 MV Cockcroft-Walton accelerator at the
Australian National University was used to accelerate
protons for the study of the 1012 keV resonance in
^C(p,y). After passing through a 90° magnetic analyzer,
the beam incident on the target had approximately a 2 keV
energy spread caused by the voltage ripple on the
accelerator. The beam current was integrated in order to
normalize the spectra taken at the different angles.
The target, approximately 6 keV thick for protons at
the resonance energy, was one that had already been used
extensively in low energy measurements (HE 6O) of the 
1 ^JC(p,y) cross section. It was made by cracking methyl 
iodide, enriched to 61$> JC, onto a clean 0.5 m.m. thick
tantalum disc, so that the carbon layer thickness was
_2approximately 20 |J.gm cm . The target was operated at
3 6
red heat (> 10 watts dissipation) which prevented the 
build-up of a residue from vapours in the vacuum system. 
No deterioration of this target has been observed after 
approximately 1 coulomb of bombardment.
The target chamber preserved cylindrical symmetry, 
apart from the target and the beam inlet pipe. The range 
of detector angles was chosen so that the beam inlet did 
not produce any appreciable effect on the angular 
distribution. The maximum angle between the detector 
axis and the target normal was 45°, so that angles for 
which the target would have been viewed edge-on were 
avoided. Absorption effects for the 3*4 MeV y-rays 
emerging from the target chamber were 2*/o in the target 
chamber walls and a further 3*5^ to 5^ for those y-rays 
which passed through the target backing. The detector, 
which could be rotated in a horizontal plane around the 
vertical axis of the target chamber, was an unshielded 
12.7 cm diameter x 10.2 cm thick Nal(T 1 )crystal located 
with its front face 13.6 cm from the target. Standard 
electronics was used to accumulate 200 channel spectra in 
a pulse height analyzer.
The spectra were analyzed by using the methods 
described in the previous chapter. The summing effect 
due to the simultaneous detection of both members of a 
cascade was not included in the analysis. Though such
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double detections may cause the spectrum to be analyzed 
to contain contributions to the full energy peak from 
more than one cascade this was neglected because the 
amount is only approximately 1'jo at resonance and less off 
resonance. However, an additional component, being the 
response of the detector and its surroundings to the 
neutron flux from a nearby tandem accelerator being 
operated independently was found to be needed in the 
analysis. Figures 3*1 and 3*2 show the range and quality 
of the fits achieved.
In this way, sets of angular distribution
measurements for the different gamma rays in the ^C(p,y)
reaction were extracted from the complex spectra
accumulated just below, on and just above the 1012 keV
resonance. In addition, excitation functions for the 
1 3JC(p,Y) radiations were extracted from data taken over 
the proton energy range from 785 keV to 1158 keV in order 
to define more accurately the non-resonant yield 
underlying the data taken at the 1012 keV resonance.
These sets of data affirm the stability of the target and 
the adequacy of the normalization by beam current 
integration. The excitation functions showed a smooth 
dependence with satisfactory repeatability. The angular 
distribution of the ground state gamma ray was also 
smooth and repeatable above, on and below the resonance.
Figure 3•1
A gamma-ray spectrum from the JC(p,y) reaction, 
obtained at a proton energy just below the 1012 
keV resonance, at an angle of 90° to the beam. 
The solid line shows the extent and quality of 
the fit achieved as discussed in the text.
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Figure 3.2
A gamma-ray spectrum from the Jc(p,y) reaction, 
obtained at the 1012 keV resonance, at an angle 
of 90° to the beam. The solid line shows the 
extent and quality of the fit achieved as 
discussed in the text.
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However, some difficulty was experienced in keeping 
the proton beam at the resonance energy, within the 
limits imposed by the target thickness and the beam 
energy spread. This was checked by a determination of 
the intensity of the radiation from the 5*10 MeV state to 
the ground state. This radiation is negligible off 
resonance. Because of the uncontrolled radiation from 
the neutron flux already mentioned, it was not 
satisfactory to use a single channel analyzer window set 
to count the 5*10 MeV radiation in a monitor crystal. 
Instead, after computer analysis, those spectra that 
showed a reduced intensity of 5*10 MeV radiation were 
rejected. Those spectra rejected also showed, in 
approximately the same ratio, a reduction in the 
intensity of the other resonant gamma rays observed. The 
spectra remaining were used as the basis for the results 
given in the next section.
3. Results
The principal means of de-excitation of the 8.49 MeV 
state is by a cascade through the 5*10 MeV state.
Figures 3*3 and 3*4 show the extracted intensities of the 
transitions from the 8.49 MeV state to the 3-10 MeV state 
and from the 3*10 MeV state to the ground state 
respectively at proton energies below, at and above
Figure 3>3
The angular distribution of 3*38 MeV gamma-rays 
observed above, on and below the 1012 keV
1 Oresonance in JC(p,y) is shown. The curves are 
the least-squares Tits to the data.
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Figure 3-^
The angular distribution of 5*10 MeV gamma- 
rays observed above, on and below the 1012 keV 
resonance in ^C(p,y) is shown» The curves 
are the least squares fits to the data.
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Figure 3•5
The angular distribution of 5 • 6 9  MeV gamma rays 
observed above, on and below the 1012 keV 
resonance in JC(p,y) is shown.
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resonance, The intensity of 5*10 MeV radiation is 
negligible off resonance implying that the observed off 
resonance yield of 3*38 MeV y-rays (Figure 3 »3.) is not 
from a transition populating the 5*10 MeV state, The 
transition between the 5*69 and 2.31 MeV states has the 
same energy. Non-resonant transition from the 5*69 MeV 
state to the ground state was observed (Figure 3*5) with 
an intensity consistent with the known cascade branching 
ratio (WA 64) assuming that the observed 3*38 MeV y-rays 
are, off resonance, entirely due to the transition from 
the 5-89 to the 2.31 MeV state. Therefore, Figure 3*3» 
on resonance, is interpreted as the sum of the resonant 
transition from the 8.49 to 5*10 MeV state and the non­
resonant transition from the 5*69 to the 2.31 MeV state.
In the vicinity of the resonance, a 2.80 MeV y-ray 
was observed and its intensity was extracted. This 
exhibited resonant behavior with an appreciable 
anisotropic non-resonant component. The resonant part 
has been interpreted as the transition between the 5*10 
and the 2.31 MeV states. The observed intensity is 
consistent with the known branching ratio (WA 64) of the 
5.IO MeV state and the observed intensity of the 
transition between the 5*10 MeV state and the ground 
state. The non-resonant part of the observed 2.80 MeV 
y-ray intensity is the sum of the transitions from the
4o
j 2 13continuum to the 5*^9 MeV state and from the C(p,y) 
reaction. Radiation from the latter is expected to come 
from the target with a yield of the same order of 
magnitude as the other 2.8 MeV y-rays. It may also 
originate on nearby collimators which are cooler than the 
target and thus more likely to build up contamination. 
This may be the cause of some of the anisotropy of this 
composite radiation. The uncertainties in composition 
mean that little information has been extracted from the 
2.80 MeV y-ray intensity.
Detenbeck et a l » (DE 65) have found that the 5*83 
MeV state is populated in approximately 20% of the decays 
of the 8.49 MeV state. The decay of the 5*83 MeV state 
is predominantly (AJ 59) by a transition to the 5*10 MeV 
state with a small branch to the ground state. No 
attempt was made to extract intensities for the 
transitions from the 8.49 MeV state to the 5*83 MeV 
state or from the 5*83 MeV state to the 5*10 MeV state, 
but a search for 5 .83 MeV radiation showed that no 
significant amount was present. On the basis of the 
measurements of Detenbeck et a l . and the known branching 
ratio of the 5*83 MeV state, the intensity expected was 
comparable with the estimated errors in the extraction. 
However, there is an excess of y-rays de-exciting the
5.10 MeV state compared with those populating it directly.
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This excess is in good agreement with the measurements of 
Detenbeck et al„ on the strength of the cascade through 
the 5.8.3 MeV state« Thus Figure 3-4, on resonance, is 
interpreted as the sum of two angular distributions in 
which the 3*10 MeV state is populated by two different 
transitions. The direct transition should account for 
approximately 85$> of the decays of the 3*10 MeV state.
Small amounts of radiation populating and 
de-exciting the 4.91 MeV state were found to be needed. 
These radiations were non-resonant, as was the radiation 
populating the 3*95 MeV state, The decay of the 3•95 MeV 
state is known (A.J 39) to proceed predominantly via the 
2.31 MeV state. As a simple check on the extracted 
intensities, the strength of a 3*95 MeV component was 
estimated and was found to be negligible at all energies 
and angles. Negligible intensities were also found for 
assumed transitions from the 6.21, 6.44 and 7*03 MeV 
states to the ground state (< \(jo of the non-resonant 
transitions and < 3$» of the decays of 8.49 MeV state).
Radiation from the continuum to the 2.31 MeV state 
would have an energy, at the resonance, of 6.18 MeV.
This was used as a component in the spectrum fits. 
However, close inspection of Figure 3»1 shows that a 
slightly lower component (6 .13 MeV) would have provided 
a better fit. In addition, the yield was lower in the
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sequence of runs taken at the resonance than in the
sequences taken immediately (+_ 10 keV) above and below
resonance as can be seen immediately in Figures 3 »1 and
1 Q3.2. This anomalous behaviour has been attributed to F
contaminations either on the target or on nearby
collimators. The nearest ^F(p,0Cy)^ 0 resonance is at a
proton energy of 935 keV ( H - 8.6 keV) and is
predominantly (AJ 59) a transition through the 6.13 MeV
state of 160. The level of contamination, if assumed to
be on the surface of the target, would be approximately 
-9 -25 x 10 gm cm . Such a level of contamination has been 
found often in low-intensity y-ray experiments and is 
likely to vary substantially between sequences of runs. 
Because of the masking effect of the contamination, only 
an upper limit of 8% to the strength of resonant 
transitions to the 2.31 MeV state can be given.
The remaining transition is from the continuum to the 
ground state. It is the most intense in the spectrum and 
is well resolved. The intensities measured above and 
below are consistent with the excitation function 
measured over a wider range of energies and allow 
interpolation to find the non-resonant yield at the 
resonance energy. When this, is done, an excess count 
rate at the resonance of 0.18 + 0.38 count/10 |iC is found.
This excess count includes the double detection effect in
4 3
the resonant 2-step cascade« On the assumption of no 
angular correlation in the cascade, the estimated effect 
is 0.15 count, 10 (JC. If a subtraction of 0.1.5 + 0.15 
count/10 |J.C is made to allow for this effect, the 
resonant ground state transition intensity is 0.0 + 0.4 
count/10 [iC corresponding to an upper limit for the 
resonant ground state transition of 4$ of the decay of 
the 8.49 M e V  state. The present estimate is 
approximately 4o$> of the upper limit set by Detenbeck 
et a l . (DE 6.5).
The data of Figure 3*3 have been analyzed separately, 
on and off resonance, into sums of Legendre polynomials 
which were subtracted to give the angular distribution of 
the resonant y-ray. After correction for the finite size 
of the detector, the angular distribution for the 
transition from the 8.49 M e V  state to 2 state at 5.10 
MeV is
W ( 6 ) = 1 + (0.47 + 0 .0 6 )P (cos 0) - ( O . 3 4  + 0 . 0 8 )P^(cos 0) 
The angular distribution of the radiation from the 5*10 
MeV state to the ground state, from Figure 3*4 after 
correction for the finite size of the detector, is found 
to be
W(0) = 1 - (0.21 + 0.05)P? (cos 0) + (0.02 + 0.08)P^(cos 0)
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When the analyses included a coefficient for P^fcos 0), 
this was found to be consistent with zero and the lower 
order coefficients were unchanged.
4. Discussion
The comparison of the above angular distributions 
with the theoretical predictions can be limited to those 
assignments to the 8 „49 MeV state with J ^4. Likewise, 
only dipole and quadrupole radiation from the 8.49 MeV 
state to the 5 • TO MeV state need be considered. The 
measured strength of the transition from the 8.49 to the 
5.10 MeV state is w r* = 0.008 eV, in agreement with
the measurement of Detenbeck et al. (DE 65). Any 
octupole radiation of sufficient strength to affect the 
angular distribution coefficients would require an
Ounreasonable large enhancement () 10J ) over the Weisskopf 
single particle estimate (WI 6o).
Of the spin assignments to the 8.49 MeV state with 
J £ 4, J = O^ - and J ~ 1 — can be rejected immediately 
because of the observed complexity of the distribution of 
Figure 3 °3• The assignment J = 3 may be rejected 
because it predicts onl^r a positive coefficient in 
Figure 3*3 Tor any mixture of d and g wave protons and 
any mixture of M1 and E2 radiation in the first
transition.
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The assignment J 3 is rejected on two grounds. 
Firstly, to fit the angular distribution Tor the 
transition from the 8.49 MeV state to the 5»10 MeV state, 
the parameters are such that an E3 enhancement of
4approximately 3 x 10 is required. Secondly, the 
parameters required to fit the first transition are not 
consistent with the second transition (5 .10 MeV state to 
the ground state) using the known E3/M2/E1 mixing (NE 65, 
GO 66, WA 65) of the second transition.
As mentioned in the introduction, a 2 assignment 
cannot be rejected on the basis of intensity measurements
4.A 2 assignment can be shown, from intensity measurements 
to be unlikely. The fgp wave penetrability ratio is 
« lg 400 while the required fsp wave intensity ratio, for 
a fit to the angular distribution, is « Is 4. Also the 
enhancement of the M2 radiation strength required for a 
fit to the angular distribution data is approximately 30 
times the Weisskopf single particle estimate. Both these 
intensities are improbable. However, using the known 
parameters (NE 659 GO 66, WA 65) of the transition from 
the 5*10 MeV state to the ground state, both the 2 and 
the 2+ assignments may be rejected. They both lead to a 
P^(cos 0) coefficient for the second transition that is 
close to zero and is significantly different from the 
experimental value of -0.21 j- 0 .05*
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An assignment of 4 to the 8,49 MeV state allows a 
fit to the angular distribution for the first transition 
with pure f-wave formation and pure M2 decay. The same 
parameters fit the angular distribution of the second 
transition, using known parameters (NE 65» GO 6 6 , WA 65). 
However, the M2 enhancement in the first transition is 
required to be 4o times the Weisskopf estimate. Since 
this M2 transition would be expected to be inhibited 
(WA 58 ) rather than enhanced,, it is concluded that the 
4+ assignment can be rejected on the basis of these 
intensity measurements.
The assignment of 4 to the 8.49 MeV state allows a 
fit to the angular distribution for the first transition. 
The theoretical distribution for formation by pure 
channel spin 0 is
w ( 9) = 1 + Oe 51 P2(cos 0) - 0.37P^(cos 0) 
and by pure channel spin 1 is
w ( 0) = 1 + 0.43P;(cos 9) - 0.18P^(cos 0)
while the experimental distribution is
W( 9) = 1 + ( 0.47+0.06 ) P^ ( c o s 0)-(O. 34+0.08)P/+(cos 0) 
Agreement with the distribution for pure channel spin 0 
is good, but we cannot rule out a considerable 
contribution from channel spin 1.
The 4 assignment would require an enhancement of a 
factor of 5 for E2 radiation to the 5*10 MeV state. It
F igure 3 • 6
The relationship between the mixing ratios 
M2/E1 and E3/E1 is shown for the transition
1 4from the 5*10 MeV state of N to the ground 
state. The limits of the diagram are based 
approximately on limits given by Warburton et 
a l . ( WA 65). The solid curves are based on the
angular distribution results, W(9) = 1 + A P 9
(cos 9) + A^P^ (cos 9)> of the present 
experiment. The hatched area (one of four, the 
others being excluded (WA 65) by Warburton et 
a l .) defines the region of mixing ratios 
acceptable (+_ standard deviation) to the 
present experiment. Also shown on the 
diagram are the regions acceptable to other 
experiments (NE 65, WA 64, GO 66, WA 65, BI 64, 
WA 59).
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also requires an inhibition by a factor of“ 5 x 10 for
M1 radiation to the .5 83 MeV stale and by a factor of at 
hleast 1.0 for El radiation to the 6,44 MeV state. Both 
enhancements are reasonable ( WT 60s WA 60) and the 
inhibitions required for the dipole radiations are also 
consistent with experience ( WI 6o).
For the second transition (from the 5.10 MeV state 
to the ground state) the coefficients of the angular 
distribution are insensitive to the channel spin mixture 
required for formation of a 4 state at 8.49 MeV. They 
are also not significantly affected by the population 
(« 15$) of the 5.10 MeV state through a cascade 
involving the 5 83 MeV state.
The angular distribution coefficients for the second 
transition may therefore be used to derive values of the 
E1/M2/E3 mixing ratios for the second transition. The 
results are shown in Figure 3*6 where a comparison is 
made with other experiments, It is seen that the early 
result of Warburton et al . ( WA 64, WA 65) defines a
region of the diagram which is consistent with all other 
measurements (NE 65 s 0-0 66, BI 64, WA 59) including the 
present ones.
A further test may be applied to the present results,
12 3viz., a comparison with the C(JHe,py) experiment of 
Gailmann et a l , (GA 68). The ratios R^ and already
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defined are used. As remarked earlier, the limits to
12 3these ratios apply to comparisons of the C(JHe,py) and 
1 8^C(p,y) angular distribution coefficients for the same 
transition, regardless of the complexity of the path by 
which that transition is reached. The only restriction 
is the limitation of the C(JHe,py) reaction to the 
population of M - 0 and + 1 substates in the initial 
state of ^N(with 2 ^ J ^4).
Gallmann et a l . quote an angular correlation for the 
first transition of
w( 0) = 1 + (0.40il0.l3)P2 (cos 6)-(0.17±0.17)PZf(cos 0) 
and for the second transition
W(0) = 1 + (0.l3 + 0.10)P2 (cos 0)-(O.O8 + O.12)Pz+(cos 0)
The first transition gives a satisfactory comparison 
with ratios R 0 and R^ of approximately unity indicated, 
consistent with the hypothesis of a spin and parity 
assignment of 4 to the 8.49 MeV state. For the second 
transition, the ratio R^ is not well defined and so does 
not give a useful, comparison. The ratio R2 has a very 
small probability of being in the valid range and close 
to unity as suggested by the first transition. This 
suggests that either one or both of the experimental 
distributions is in error or that unrealistic estimates 
of the standard deviations may have been made. It should 
also be noted that the P2 (cos 0) coefficient quoted by
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Gallmann et a l . is not in good agreement with a 4 
assignment to the 8,49 MeV state. Depending upon the 
source of information about the mixing ratios in the 
second transition (NE 65, GO 66, WA 65) the probability 
lies between 3 ° 5%  and 0.5$ that the di screpancy observed 
(between the P^(cos 9) coefficient of Gallman et al.. and 
the coefficient predicted by assuming a 4 state at 8.49 
MeV) is due to chance.
Because of the trouble experienced, during the 
present experiment, in keeping to the optimum beam energy, 
the possibility must be considered that the data retained 
may have been distorted by a drift from the resonance.
It is possible that the selection of data has introduced 
a slight bias in the results by rejecting results which 
had suffered a statistical fluctuation downward in 
intensity. There were, however, few ambiguous results. 
Such a bias could change the angular distribution 
coefficients slightly and thus affect, to a small degree, 
the mixing ratios derived from the present experiment.
It could not alter the spin and parity assignment itself.
It is believed that a major normalization of the
present data may be rejected on two grounds. Firstly,
2the X test shows a good fit to the data for both 
transitions, so that a P^(cos 9) coefficient is not 
needed. With significantly distorted data, there is a
. 5 0
very high degree of probability that a P^(cos 8) 
coefficient would be needed to fit four data points. 
Secondly, no major renormalization exists that will 
simultaneously make probable the validity of the ratio 
for both the first and the second transition in the 
comparison of the work of Gallmann et a l . with the 
present work. The valid range of is independent of 
the possible spin and parity assignments of the 8.49 
MeV state.
For instance, a renormalization of the data on the 
second transition to an extent that makes it just 
probable to have a valid ratio R^ for the second 
transition has already increased the ratio R9 for the 
first transition enough to make its validity improbable.
A renormalization of the data for the first 
transition to match the revised coefficients of Detenbeck 
et al. (DE 65) would involve the rejection of the 4 
assignment, leaving only 2 as a possible assignment that 
gives a fit to the first transition and that is not 
rejected by intensity arguments. With this 
renormalization, a large P^(cos 8) coefficient would be 
generated in the second transition distribution, 
sufficient to reject the 2~ assignment, leaving no 
satisfactory assignment. In addition, with this 
renormalization, there is a difficulty with the validity
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12 3of in the comparison of the C( ne,py) and the 
1 3JC ( p ,y) data for the first transition.
5. Summary
It has been shown that the revised data of Detenbeck
et a1 . (DE 65) are inconsistent with the assignment 4 to
the 8.49 MeV state of . In addition, these revised
data are inconsistent with the results of Gallmann et
a l . (GA 68) on the transition from the 8.49 to the 5»10
MeV state. A revision of the data (DE 65) because of the
omission of the correction for the finite size of the
y-ray detectors results in systematic changes in the
angular distribution coefficients which are inconsistent
with the results of Gallmann et a l . and with the present
1 3results. Accordingly, the o(p,y) measurements of 
Detenbeck et a l . are rejected.
The present experiment, measuring both the 
transition from the 8.49 MeV state to the 5*10 MeV state 
and from the 5*10 MeV state to the ground state, is 
consistent with a 4 assignment and with the mixing 
parameters already known for the second transition.
There is agreement between the results of the present 
experiment and the results of Gallmann et a l . for the 
first transition. For the second transition, there is
disagreement with the results of Gallmann et a l . , which
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are also in marginal disagreement with the assignment 4 . 
The disagreement is in the magnitude of the coefficient
increasing slightly the estimate of the standard 
deviation of the experimental results or by relaxing 
slightly the standards required for agreement. As they 
stand at present, a numerical value may be chosen for the
deviations from both the experimental values and which is 
consistent with other knowledge of the second transition.
It would be preferable that both experiments should 
be repeated in order to resolve the disagreement.
However, these relaxations in the standard required for 
agreement are not such as to allow the assignment 2 to 
become a possibility. It is therefore believed that the 
present measurements establish uniquely the assignment 4 
to the 8.49 MeV state of 1 .
of P 0(cos 8). However, the value of this coefficient
nredicted bv the 4 assignment lies between the
P^(cos 9) coefficient which is just on 2 standard
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FIGURE CAPTIONS
Figure 3*1
Figure 3•2
Figure 3-3
Figure 3•^
1 3A gamma-ray spectrum from the c(p,y) 
reaction, obtained at a. proton energy just 
below the 1012 keV resonance, at an angle of 
90° to the beam. The solid line shows the 
extent and quality of the fit achieved as 
discussed in the text.
A gamma-ray spectrum from the JC(p,y) 
reaction, obtained at the 1012 keV resonance, 
at an angle of 90° bo the beam. The solid 
line shows the extent and quality of the fit 
achieved as discussed in the text.
The angular distribution of 3*38 MeV gamma- 
rays observed above, on and below the 1012 
keV resonance in JC(p,y) is shown. The 
curves are the least-squares fits to the 
data .
The angular distribution of 5*10 MeV gamma- 
rays observed above, on and below the 1012 
keV resonance in JC(p5y) is shown. The 
curves are the least-squares fits to the
data.
5^
Figure 3*5 The angular distribution of 5*69 MeV gamma
rays observed above, on and below the 1012
1 2keV resonance in o(p,y) is shown.
Figure 3*6 The relationship between the mixing ratios 
M2/E1 and E3/E1 is shown for the transition
1 4from the 5-10 MeV state of N to the ground 
state. The limits of the diagram are based 
approximately on limits given by Warburton 
et ale ( WA 6 3 ). The solid curves are based 
on the angular distribution results,
W( 9) = 1 + A 0P p(cos 9) + A^P^fcos 9), of the 
present experiment. The hatched area (one 
of four, the others being excluded (WA 65) 
by Warburton et a l . ) defines the region of 
mixing ratios acceptable (+_ standard 
deviation) to the present experiment. Also 
shown on the diagram are the regions 
acceptable to other experiments (NE 63,
WA 64, GO 66, WA 63, Bi 64, WA 39).
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CHAPTER IV
THE INVESTIGATION OF THE Z|N( p ;y ) ‘^ Q REACTION IN 
THE PROTON ENERGY RANGE 1.7 TO 3.0 M eV
1. Introduction
The rate of the ^ N ( p,y)^0 reaction is of interest 
in the C-N-O cycle of stellar nuclear reactions since the
1 4abundance of N in equilibrium is determined by this 
reaction rate at stellar proton energies. The non­
resonant radiation from the '^N(p,y) reaction has been 
studied by Hebbard et a h  (HE 63) in the proton energy 
range from 210 to 1070 keV. In order to calculate the
cross sections at stellar energies for each of the
1 5transitions through bound states in 0 and the ground 
state, the experimentally obtained intensities were 
fitted with theoretical resonant and non resonant curves 
as a means of extrapolating the calculated cross section 
factors to the stellar proton energies. Calculations 
were made using the work of Christy and Duck (CH 6l) for 
the direct capture amplitude and a constant amplitude was 
included to account for any distant broad s-wave 
resonances. The two resonances explicitly introduced 
were the 278 keV(-|-+ ) resonance and the 1060 keV (tt+ ) 
resonance. Because of the unknown characteristics of any
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distant levels, different extrapolations could be
produced by using different components in the fit.
The present work aimed to extend the measurements
from I.7 to 3.0 MeV to obtain information concerning the
higher energy resonances in order that the low energy
analysis could be performed with more certainty.
Furthermore, there is current interest in the mirror
nucl ei "*0 and (WA 65a, EV 66). Comparison of
experimental data on level positions provides tests of
the assumptions of shell model theory and charge
independence of nuclear forces.
The decays of the resonance levels in the incident
proton energy range 1.82 to 3*0 MeV have not been well
studied. Duncan and Perry (DU 51) measured the yield of
1 5positrons from the decay of ground state of 0 for
bombarding proton energies between 0.25 and 2.5 MeV.
Absolute cross sections were obtained and all of the
presently known levels in the region of excitation energy
1 47.5 to 9-6 MeV were observed. The reaction N(p,y) in 
the energy range studied has been suggested previously 
(FE 59j BA 63, EV 66, EV 67) as the combination of non­
resonant direct capture and resonant compound nucleus 
processes. The resonant portion was attributed to a 
broad level, the width of which is about 300 keV (EV 67, 
LA 67) ,  centered at 2.40 MeV and two narrow resonances at
Figure 4.1
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2.3 5 and 2.48 MeV which correspond to levels at 9 ■ 4-9 and
9.60 MeV in ^0. Ferguson et al . (FE 59) suggested the
I I -*broad level is most likely to have a J of ; however,
the recent ^N(p,p ) experiment of Lambert et a.1. (LA 67)
3 4*demonstrates that it is a — level.
A level at 9-67 MeV was first reported by Olness et
al. (0L 58) but not observed in recent work of Evans
(EV 67). However, Lambert et a l . (LA 67) observed the
7- 9-level and assigned the spin as either ~  or ^  .
During the course of investigation of the present 
work, Evans (EV 67.) reported measurements of the 
^N(p,y)^;>0 reaction for proton energies between 1.85 to
2.60 MeV. He studied the decay schemes of the two narrow 
resonances at 9*49 MeV (Ep = 2.352 MeV) and 9*60 MeV
(Ep = 2.480 MeV) in some detail. The broad resonance at 
9.53 MeV was examined only qualitatively except for the 
ground state radiation.
Figure 4.1 summarizes the level and decay scheme of 
the ^0 nuclei from the work of Warburton et a l . (WA 65a)
and Evans (EV 67).
2. Specific problems
Experimental difficulties arise from the measurements 
of Y-ray spectra of the 1^N(p,y) reaction with Nal(Tl) 
detectors since the available resolution is inadequate to
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separate transitions to the doublets at 6.857 and 6.789 
MeV and at 5*24o and 5»188 MeV, and to resolve the 6.180 
MeV (6.I8O-O) y-ray from the 6.129 MeV y-ray due to 
possible fluorine contamination.
There are also problems associated with choice of
target. If natural target material is used, the small
1 5proportion of '^ N produces a large yield of 4.43 MeV 
y-ray from the JN(p,ay) C reaction. Though isotopic 
targets, made by bombarding tantalum with magnetically 
analyzed ( ^ N ) 0 + ions from a Van de Graaff, can reduce 
the strong 4.43 MeV radiation, the nitrogen distribution 
in the targets is not sufficiently uniform to measure 
reproducible excitation curves because of slight changes 
in the beam position between runs (EV 67). Thin targets 
made by sputtering tantalum in an atmosphere of nitrogen 
onto a tantalum backing were found (EV 67) to have 
considerable fluorine contamination, resulting in copious 
amounts of 6.13 to 7*12 MeV radiation. Targets made by 
diffusing nitrogen into a suitable backing by heating the 
backing material to red heat in an atmosphere of ammonia 
have been previously used in this laboratory at low 
proton energies (BA 63? HE 63). Careful manufacture is 
necessary to ensure that nitrogen does not diffuse deep 
into the target, thus smearing the excitation function. 
Target thicknesses of the order of 4q ~60 keV at 0.8 MeV
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proton energy have teen found previously for targets made 
by this method (BA 63). Targets made by evaporating 
adenine ( C .H \T . ) onto a backing material have the 
advantage of well defined thickness; however, the 
compound is easily decomposed and introduces carbon as a 
source of background radiation.
3. Experimental details
The proton beam from the A.N.U. tandem Van de Graaff 
accelerator was used to provide proton beams of ~ 1 pa 
over the energy range of 1.7 to 3*0 MeV, Gamma-ray 
spectra were obtained at 20 keV intervals with an 
uncollimated 5 n x 4" Nal(Tl) crystal, 5*62 cm from the 
target, at an angle of 55° to the beam direction.
Spectra were collected on an RIDL pulse height analyzer 
in the 200 channel mode.
In the later stage of this work, a 20 c.c. Ge(Li) 
detector became available and a number of spectra at 
selected energies were measured with the detector.
These spectra were of great value in the accurate 
determination of the energies of y-rays present in the 
spectra and served as a check on the analysis of the 
Nal(Tl) data.
For most of the measurements, nitrided tantalum 
targets, made by heating tantalum to a red heat in an
Figure 4.2
Experimental arrangement for the coincidence 
measurements.
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atmosphere of ammonia containing natural nitrogen, were 
used. Such targets were available and no serious problem 
with fluorine contamination had been reported previously 
(BA 63, HE 63). However, after analysis of spectra 
obtained with the targets, it was found that the effects 
of fluorine contamination at higher proton energies were 
serious. Furthermore, nitrogen had diffused deep into 
the targets as was evident from the contributions to the 
y-ray yield from resonances well below the bombarding 
energy.
To eliminate fluorine contamination and the strong 
4.43 MeV y-ray intensity, some coincidence measurements 
were performed with a tantalum nitride target and also 
with an adenine target of well defined thickness. The 
adenine target was made by evaporating a thin film of 
adenine on a gold covered copper backing which was 
screwed onto a water cooled target holder during the 
bombardment. The target proved to be not stable for 
beam currents of ~ 1 pa,, losing nitrogen at a detectable 
rate. These spectra were used to check the results 
obtained from the Nal(Tl) spectra although some 
uncertainty was introduced by the nitrogen loss.
Figure 4 „2 shows the experimental arrangement for 
the coincidence measurements. Two uncollimated 5n x 4** 
Nal(Tl) detectors, one inch apart with the target at the
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center, were used to obtain coincidence spectra of 
cascade y-rays. Timing single channel analyzers 
(T.S.C.A.) provided logic pulses after energy selection 
for the fast coincidence unit at the zero cross over 
point of the double delay line clipped linear pulses.
The lower level discriminator of the timing single 
channel analyzer for detector 2 was set above 511 keV to 
minimize the contribution of non-cascade radiations in 
the gated spectra from detector 1.
4. Measurement of target composition
A knowledge on the distribution of nitrogen in the 
diffused nitrogen targets which were used for most of the 
experiment was necessary in order to calculate the cross 
section of the reaction.
The 0. Wjo concentration of in natural nitrogen
enabled the nitrogen distribution to be calculated by 
measuring the yield of 4.43 MeV radiation from the narrow 
429 keV resonance ( - 0.9 keV) in the ^ (p ,ay)1
reaction as a function of energy. Figure 4.3 shows the 
measured yield curve. The excitation function was 
extended to 900 keV to allow the estimation of the 
contribution from the nitrogen deep in the target. The 
correction for the non-resonant radiation which
contributes to the measured yield was estimated by using
Figure 4.3
The excitation function of the 4.43 MeV y-ray 
from the JN(p,ay) reaction in the tantalum
14nitride target used for the N(p,y)
measurements (Set 2 and 3).
°  >.
O '1/  Q”I3IA
62
the excitation function of the 4.43 MeV y-ray measured by 
Hebbard (HE 64) between proton energies of 300 to 1000 
keV.
The yield is related to the stopping cross section 
1 5per N atom by the following equation:
2TT2A2wr rp al EWQ
V 5 e
(4.1)
where e^ 15 = the average stopping cross section per
15
E
W
Q
e
N atom
= efficiency of the detector 
= a correction factor for the angular
distribution of the resonant radiation at 
the angle of detection (KR 53)
= the number of protons incident on the 
target
A value of 0.260 keV barn was used for the integrated
2 2cross section, 2TT A' w T P „/P, of the resonance. Hebbardp a r
et al. (HE 63) have discussed the corrections involved in 
obtaining this figure from the data of Schardt et a l .
(SC 52) and Kraus et a L  (KR 53)*
1 5The average stopping cross section per N atom is 
also given by
V5 n n i5 eV-cm‘ (4.2)
where AE is the energy loss in the target.
6 3
E q u a t i o n  4.1 enabled the c a l c u l a t i o n  of e 15 andN
1 5e u a t i o n  4.2 the calc u l a t i o n  of N XT1 5 , the n u m b e r  ofN
2a t o m s / c m  in the target, which, in turn, d e t e r m i n e d  N 14,
14 / 2the number of N atoms/cm in the target from the known
14 15p r o p o r t i o n  of N and N in n a t u r a l  nitrogen.
AE can have a value equivalent to total target
thickness for a well d e f i n e d  target or can be d i v i d e d
into layers of d e s ired thickness so that the n u m b e r  of
2nitrogen atoms/cm for each layer can be calculated. AE
is related to NXT14 and N_ , which is the number of N Ta
2tantalum atoms/cm in the target, by equation 4.3.
AE = N 14. £ 1 4 + N . e .....  (4.N N Ta Ta v
£^14 and are the st o p p i n g  cross sections per atom for
nitr o g e n - l 4  and tantalum at the average p r o t o n  e n e r g y
with i n  the target.
A n  iterative c a l c u l a t i o n  was p e r f o r m e d  in w h i c h  the 
total n u mber of n i t r o g e n - l 4  and ta n t a l u m  atoms was 
cal c u l a t e d  layer by  layer in 5 k e V  steps w i thin the 
target. The c o m p o s i t i o n  of the front l a yer of the target, 
where the d e n s i t y  of n i t r o g e n  atoms was g r e a t e s t , gave a 
tantalum to n i t r o g e n  ratio of 0.62. T his is in a g r e e m e n t  
w i t h  the c o m p o s i t i o n  of a previous target made by the 
same m e t h o d  (HE 63).
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5 . Analysis of da,ta 
(a). Singles Nal(Tl) data
The singles spectra obtained with a Nal(Tl) detector 
comprised the main part of the data of this experiment. 
The general methods of analysis have been discussed in 
Chapter 2 but several details are noted.
The coincidence sum spectra from simultaneous 
detection of cascade y-rays, which were not included in 
the analysis of the c(p,y) N data, were found to be 
necessary as components in the fits. The transition from 
the resonance and off resonance level to the ground state 
constituted about 80^ of the total decay in the 
^ C ( p , y ) ^ N  reaction. However, this is not the case for 
the present study as the spectra were collected over a 
wide range of proton energies and the relative intensity 
of each cascade was not known before the analysis. From 
Figure 4.1, it is observed that the ground state 
transition ranges from 3 to 93% for resonances observed 
between Ep = 275 to 2480 keV. The coincidence sum 
spectra included were the cascades from the compound 
state to the 3*2 and the 6.8 MeV doublets. The cascade 
through the 6.18 M e V  state was found to be very weak 
throughout the analysis and was not included in final
f its .
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The 4 „ 43 MeV y-ray is a particular problem as the
yield was found to be an order of magnitude larger than
the yields of cascade Y^rays through the bound states.
Furthermore, it is strongly broadened° the broadening
increases markedly with energy and a resonance for the 
1 5N(p .ay) reaction exists at 3.12 MeV. Thus it was 
found impossible to fit the data over any part of the 
4.43 MeV y-ray peak without seriously affecting the fit 
in the region of the 5*2 MeV doublet, except for the 
spectra taken at lower proton energies.
Another problem was the presence of 6.13» 6.92 and 
7.12 MeV y-rays from ^F(psay)^0 reaction which had an 
intensity of the same order as the ^N(psYV) gamma-rays 
in the same energy region. An additional feature of the 
problem was the considerable Doppler broadening of the 
6.92 and 7*12 MeV y-ray peaks. Calculations of the 
maximum Doppler shift at the angle of detection for the 
emission of the intermediate CX-particles at different 
angles indicate a possible broadening of up to 90 keV.
This broadening caused the extracted intensity of the 6.79 
MeV y-ray to spread considerably between different runs 
at the same proton energy. The presence of the 6.13 MeV 
Y~ra.y prevented meaningful extraction of the 6.18 MeV 
y-ray intensity since the intensity of the latter was 
found to be much weaker from the Ge(Li) spectra. The
Figure 4.4
Nal(Tl) spectra of the ^N(p,y) reaction at 
Ep = 1.80, 2.48 and 2*90 MeV. Circles are the 
data and least squares line shape fit is the 
solid line.
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extracted intensity of the 6.13 MeV y-ray provided only 
an upper limit to the intensity of the 6.18 MeV y-ray as 
the Nal(Tl) detector can not resolve these two y-ray 
energies.
It was found necessary to include the ground state 
transition of resonances which were excited deep in the 
target as components in the fit due to the nitrogen 
distribution. This was especially important for spectra 
taken with proton energies above 2.4o MeV, because of the 
ground state y-ray corresponding to either or both of the 
9.49 and 9•60 MeV resonance levels is several times 
stronger than that of the compound state formed at the 
bombarding energy. The exclusion of these two components 
made the fits unacceptable. The contributions from these 
two resonances to the 5*24 MeV y-ray intensity were 
subtracted in proportion to the extracted ground state 
y-ray intensities according to the decay scheme shown in 
Figure 4.1. The corrections for the 6.79 MeV and the 
6.18 MeV y-ray intensities were not necessary since the 
contributions from these levels are insignificant and 
furthermore, the scatter of the data points due to 
fluorine contamination makes the correction meaningless.
Figure 4.4 shows the fits of Nal(Tl) data taken at 
Ep = 1.80, 2.48 and 2.90 MeV respectively.
Figure 4.5
Ge(Li) spectra of the l/+N(p,y) reaction at 
Ep = 2.51 and 2.60 MeV.
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(b). Singles Ge(Li) data
The singles Ge(Li) spectra measured at Ep = 2.36, 
2.51 and 2 »60 MeV identified which of the doublet states 
were excited by the cascade y-rays and allowed 
examination of the 6 MeV peak. The 6 MeV peak was 
determined to be 6 . I.3 MeV and the 6.18 MeV peak was too 
weak for definite identification. The doublet member 
associated with the gamma-ray near 6.8 MeV was found to 
be the 6.79 MeV level in agreement with the observation 
that the 6.86 MeV state decays 100^ to the 5*24 MeV 
state (WA 63a) and likewise the gamma-ray near 5*2 MeV 
was identified as being associated with the 3*24 MeV 
level.
The Ge(Li) spectra justify the inclusion of 
resonance components from resonances excited deep in the 
target in the fit for the analysis of Nal(Tl) spectra. 
Figure 4.3 shows spectra measured at Ep ^ 2.31 and 2 .60 
MeV. The peak observed at 9-72 MeV is due to 
interactions of 2.60 MeV protons with the nitrogen in the 
front layers of the target where the nitrogen 
concentration is high whereas the peak at 9*60 MeV is due 
to the ground state transition from the 9 »60 MeV state 
which is excited deep in the target. Thus it was 
possible to derive the ’thin target1 yield of the ground
Figure 4 .6
Coincidence spectra measured with an adenine 
target, (a) Ep = 2.36 MeV, (b) Ep = 2.48 MeV, 
(c) Ep = 2.60 MeV and a TaN target (d) Ep = 
2.48 MeV. (a) and (b) were fitted with y-ray
components which cascade through the bound
1 5states of 0 and including as a component 
the background spectrum taken at Ep = 2.40 MeV. 
It is apparent that spectrum (d) corresponds 
to an energy just off resonance.
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state transition at energies where Ge(Li) spectra were 
recorded and compare the results with the corrected Nal 
data .
(c). Coincidence spectra
Coincidence spectra were measured with tantalum
nitride and adenine target at four proton energies, viz.,
2.36 and 2.48 MeV to observe the cascade radiation at the
two narrow resonances and 2.40 and 2.60 MeV to observe
the underlying contributions. The spectra gave positive
identification of the existence of the 6.18 MeV y-ray
which was not possible from the singles spectra. Figure
4.6 shows coincidence spectra at Ep = 2.36 MeV (a) and
2.48 MeV (b) fitted with y-ray components which cascade
1 5through the bound states of ' 0 and including as a 
component the ’background1 spectrum taken at Ep = 2.40 
MeV. The extracted intensity of 6.18 MeV y-ray indicates 
that the 9*49 and 9*60 MeV levels decay through the 6.18 
MeV level.
6. Results
Three sequences of runs were made with the Nal(Tl) 
detector. The first of these, at 20 keV intervals, was 
rejected because of the large amount of ^F(p,ay) 
contamination which was apparent after line shape 
analysis of the spectra. The second sequence (Set 2), at
6 9
intervals of 100 keV up to Ep 2.4 MeY and 20 keV 
intervals thereafter was carried out to check the main 
sources of contamination (believed to be collimators 
rather than the target) had been removed and Set 3 was 
subsequently obtained at 20 keV intervals over most of 
the region using both Nal(Tl) and Ge(Li) detectors.
The excitation functions derived from the Nal(Tl) 
data of Set 2 and Set 3 were compared with the' Ge(Li) 
detector and coincidence data in two ways. Firstly, the 
intensities of cascade radiation derived from the Ge(Li) 
detector measurements and the coincidence measurements 
with nitrided tantalum targets were compared with the raw 
Nal data before correction for the target "tail* was made. 
Secondly, the ground state yield determined with the 
Ge(Li) detector and the cascade yields from the 
coincidence measurements using the adenine target were 
compared with the corrected Nal data.. The cascade yields 
were extracted by line shape analysis of the coincidence 
spectra and compared, after appropriate correction for 
the relative efficiency of the coincidence arrangement, 
by normalizing bo the Nal result for the 5*^4 MeV y-ray 
yield at 2.36 MeV.
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(1). The ground state y-ray
Figure 4.7 shows the excitation function of the 
ground state y-ray. The upper curve is a raw yield curve 
which includes the contribution due to resonances excited 
deep in the target and the lower curves show the two 
results obtained for the ’thin target’ yield by 
subtracting the contribution from the tail of the target. 
The apparent discrepancy between the Set 2 and Set 3 
corrected results in the vicinity of 2.3 MeV is due to 
the few points recorded in this region for Set 2 and a 
small energy shift between the two runs. The data of Set 
3 are preferred because sufficient points were taken to 
define the narrow resonance region but the corrected 
result of Set 2 is included to assess the overall 
accuracy of the results where Set 2 and 3 can be compared, 
vi z . , below and above the narrow resonances. The thin 
target yield shows significant reduction of intensity 
above Ep = 2 0 4o MeV compared to that of the thick target 
yields this is because the 9 49 and 9 • 60 MeV levels which 
were excited deep in the target decay mostly to the 
ground state. The shape of the thin target yield is in 
agreement with the reference (EV 67) in which only dotted 
line was shown for proton energies above 2.6 MeV.
Figure 4.7
The excitation function of the ground state 
and the 5*24 MeV gamma-ray, showing the raw 
Nal result and the yields corrected for 
nitrogen distribution.
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Figure 4.8
The excitation function of the 6.79 MeV gamma-
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The excitation function for the 6.13 MeV y-ray 
( contamination) is shown giving an upper 
limit for the 6.18 MeV y-ray ( ^o).
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As shown in the figure, the Ge(Li) data gave 
reasonable agreement with the corrected result of the 
Nal data from line shape analysis.
(2) . The 6.79 MeV y-ray
The results obtained for the excitation function of 
the 6.79 MeV y-ray are given in Figure 4.8. Although 
both runs show considerable scatter, it is evident that 
there is no structure in the 6.79 MeV y~ray yield and 
that the yield rises slowly with energy. These results 
are in accord with the view that the 6.79 MeV y-ray is 
mainly due to direct capture (HE 63, EV 67).
The Ge(Li) data are slightly higher than the average 
cross section, however, the coincidence data taken with 
both adenine and nitride target agree fairly well with 
singles Nal data.
(3) . The 6.18 MeV y-ray
The excitation function for the 6.13 MeV y-ray is 
shown in Figure 4.9« The extracted cross section gives 
only an upper limit for the 6.18 MeV y-ray. The actual 
cross section of the 6.18 MeV y-ray can be estimated by 
using the branching ratios of the y-rays de-exciting the 
9.60 and the 9*49 MeV levels (EV 67) and the measured 
ground state and the 5*24 MeV y-ray cross sections. This 
estimation gives 15 - 4o$> of the measured 6.13 MeV y-ray
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cross section as attributed to the 6.18 MeV y-ray. The 
scattered data, points make it impossible to assess any 
resonance structure. However, the coincidence data 
obtained from the adenine target clearly show a resonance 
at Ep = 2.48 MeV. The observed cross section obtained 
from coincidence data and singles Ge(Li) data are in 
reasonable agreement with that of Nal data.
(4), The 5.24 MeV y-ray
The excitation function of the 5*24 MeV y-ray is 
shown in Figure 4.7» The coincidence data from the 
adenine target give very good agreement with the results 
for the Nal data. This fact further indicates that the 
present line shape analysis of Nal data is a satisfactory 
one. The observed peaks at Ep = 2.36 and 2.48 MeV are in 
agreement with previous studies (EV 67). The observed 
peak at Ep = I .76 MeV is mainly the 5*186 MeV y-ray cross 
section due to the resonance at Ep = 1.74 MeV (WA 65a). 
The slowly rising yields for proton energies above 2.60 
MeV could be partly due to the contributions from the 
4.43 MeV y-ray which increases in intensity as the proton
energy approaches the 3*12 MeV proton resonance in
1 ^;N (p ,ay) reaction. The non-resonant yield underlying 
the resonances is about 2.5 |-lb corresponding to a cross 
section factor of about 0.5 keV barn in proton energy 
region of 2.0 to 2.5 MeV.
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(5). The resonance levels
The decay of the resonances at 2.36 and 2.48 MeV as
derived from the coincidence and Nal measurements of the
present work are in reasonable quantitative agreement
with Evans (EV 67) with regard to the relative strengths
1 5of branches to various 0 states but differ in some 
important respects at the lower resonance, In particular, 
Evans reported 2.75 and 1.62 MeV y-rays corresponding to 
excitation and decay of the 6.86 MeV level both at and 
below the resonance whereas the present work finds no 
evidence for these low energy y-rays. Likewise, Evans 
reported appreciable excitation of the 7-28 MeV level. 
Both levels (6.86 and 7 -2.8 ) decay via the 5*24 MeV level 
but the present coincidence results find no surplus 5*24 
MeV intensity in addition to that required by the 
intensity of the 4.25 MeV gamma-ray which feeds the 5*24 
MeV level directly. The low energy gamma-rays, which 
serve as the most direct indication of whether or not the 
6.86 and 7 »28 MeV levels are excited, are obscured 
completely in the Nal spectra by the intense 4.43 MeV 
radiation and to only a slightly lesser extent in the 
Ge(Li) spectra since the primary y-rays are broadened by 
the target thickness Some low energy gamma rays were 
evident in the Ge(Li) spectra, but did not appear to be
1 A-associated with the N(p,y) reaction because their
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intensities were not correlated with the intensities of 
the higher energy gamma rays at the various bombarding 
energies.
The coincidence measurements made with the adenine 
target reveal only one gamma-ray at about 2.8 MeV 
;depending on bombarding energy) which corresponds to the 
transition feeding the 6 ,79 MeV level. (Figure 4.6 . c ) „ A 
small peak at about 1 6 MeV results from random
coincidences and is due to the strong 1.63 MeV radiation 
from the contaminant ' N a (p s, ay) reaction,, On the other 
hand the coincidence measurements with the nitrided 
tantalum (Figure 4.6 d) show many peaks below the 2.8 MeV 
transition and the energies of these peaks are in close 
agreement with those observed by Evans. Clearly these 
gamma-rays are associated with contamination, probably of 
the tantalum since Evans also used tantalum backings.
The excitation functions of the ground state, 6.79» 
6.18 and 5 *5*4 MeV y-rays of the present measurements 
indicate that the decay of the broad level centered at 
Ep ~ 2 o4o MeV is mostly direct to the ground state.
7. Discussion
The measured cross section of the ground state y-ray 
which comprised the main yield of total y-ray intensity 
is comparable to the corrected integrated total cross
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section of Duncan et al (DU 51 ) • The correction to the 
cross section of Duncan e t a] . has been discussed by 
Hebbard et_al. (HE 63)0
The ground state and the 5*2 MeV y-ray transitions
were found previously (HE 63) to be not as important in
the estimation of the total cross section factor at
stellar proton energies as the 6.18 and 6.79 MeV y-ray
transitions. The present data obtained for the 6.18 and
6.79 MeV y-ray cross section are considered too
inaccurate to attempt any detailed analysis directed
toward corrections of available estimates for the 
1 4 i .N (p y y3 reaction rate at st ellar proton energies. The 
cross section factors (S = aE^exp (2TTT]) where T] is the 
Coulomb parameter) calculated for the 6.18 MeV transition 
(regarded as an upper limit only) and the 6.79 MeV 
transition, using in each case the uncorrected Nal data, 
are within 20 - 3öf> of the values found by Hebbard et a 1 . 
(HE 63) for the proton energy region 700 - 1000 keV. The 
result of the present work appears to be that only the 
ground state is excited by the broad level at Ep = 2.40 
MeV whereas the transitions to 5»24, 6.18 and 6.79 MeV 
levels arise from a direct capture process between 
resonances. Indeed resonance excitation of the 6.79 MeV 
was not observed at all within the energy range of the
present work. In a simple approach, this would mean that
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the contributions from distant broad resonances are not 
important in determining methods of extrapolation of the 
cross section factors to zero proton energy.
Perhaps the most important feature of the present 
measurements is the positive demonstration of the 
difficulties introduced by the use of the nitrided 
tantalum targets. For the present work, strong 
contributions from the 2.36 MeV resonance were observed 
at the highest bombarding energy of 3*0 MeV. Thus 
appreciable nitrogen is present at depth beyond 
14 mgm/cm . This effect can be observed in the region of 
Ep between 2.4 and 3-0 MeV since both of the resonances 
at 2.36 and 2.48 MeV decay strongly to the ground state. 
The low energy measurements of Hebbard et al . (HE 63) 
used corrections deduced indirectly from fits to the 
6.79 MeV cross section factor. Neither the 278 keV 
resonance (only yf> to the ground state) nor measurements 
of the 429 keV resonance of the ^ ( p ^ y )  reaction are 
sufficiently sensitive to probe the nitrogen distribution 
deep in the target. The latter reaction is unsuitable 
because of the uncertainty of the tail of the higher 
resonance at 900 keV. Comparison of the target 
distribution measurement of the present work (Figure 4.3) 
and that of Hebbard et a. 1 . (HE 63) shows that their 
target was thicker so far as the front layer was
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concerned and the tail beyond the resonance anomaly 
higher by 30 - kc$> In so far as the corrections 
required are large as much as a factor of 2 (HE 63)5 and 
could have applied to a larger energy range than was 
appreciateds it is felt that re-measurement of the low 
energy data,, using targets other than nitrided tantalum, 
is necessary to resolve the existing ambiguities of the
cross section factor in that region. The depth of
2l4 mgm/enf observed in the present target would mean that 
contributions from the 278 keV resonance would result in 
all data points up to at least 1100 keV.
In the light of experience from the present work, 
such a re-measurement would be best made using a 
coincidence arrangement to eliminate many of the 
uncertainties introduced by singles spectra and with 
targets other than nitrided tantalum. Estimates of the 
coincidence yield show that the count rate would be
adequate.
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FIGURE CAPTIONS
Figure 4.1 
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4 „ 5
Figure 4 „6
1 5Energy levels and decay scheme of 0. 
Experimental arrangement for the coincidence 
measurements.
The excitation function of the 4.43 MeV 
y-ray from the JN(p,ay) reaction in the 
tantalum nitride target used for the 
^ N ( p ,y ) measurements (Set 2 and 3)*
1 4Nal(Tl) spectra of the N(p,y) reaction at 
Ep = 1.80, 2 o48 and 2.90 MeV, Circles are 
the data and least squares line shape fit is 
the solid line.
Ge(Li) spectra, of the ^N(p,y) reaction at 
Ep = 2 o5 1 and 2.60 MeV.
Coincidence spectra measured with an adenine 
target, (a) Ep = 2.36 MeV, (b) Ep = 2.48 MeV, 
(c) Ep = 2.60 MeV and a TaN target (d)
Ep = 2.48 MeV.
(a) and (b) were fitted with y-ray components 
which cascade through the bound states of
1 50 and including as a component the 
background spectrum taken at Ep = 2.40 MeV.
It is apparent that spectrum (d) corresponds 
to an energy just off resonance.
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Figure 4.7
Figure 4.8
Figure 4,9
The excitation function of the ground state 
and the 5*24 MeV gamma-ray, showing the raw 
Nal result and the yields corrected for 
nitrogen distribution.
The excitation function of the 6.79 MeV 
gamma-ray»
The excitation function for the 6.13 MeV 
y-ray ( *^ F contamination) is shown giving an
upper limit for the 6.18 MeV y-ray ( Jo ) .
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CHAPTER V
THE 20 c Co G e (Li) DETECTOR
1. Introduction
Lithium drifted germanium detectors are becoming 
increasingly important in the field of y-ray spectroscopy 
because of their high resolution. Their fabrication, 
characteristics and applications have been discussed in 
detail by Goulding (GO 66a), Mayer (MA 66) and Hollander 
(HO 66)„
The lithium drift process produces a region of 
intrinsic type material which is sensitive to nuclear 
radiation. To obtain good efficiency, larger active 
volumes are desirable. The method of coaxial lithium- 
drift has resulted in the production of germanium y-ray 
detectors with many times larger sensitive volumes than 
that possible by using a planar method of drift.
A low energy y-ray incident on the sensitive volume 
may be absorbed by photoelectric effect or be Compton 
scattered. At higher y-ray energies, above 1.022 MeV, it 
is also possible to have y-ray absorption by pair 
production. The hole-electron pairs produced by 
electrons resulting from these processes are separated
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and collected by an electric field applied across the 
detector.,
The direct collection of charge is in striking 
contrast with the method employed by scintillation 
detectors, in which the scintillation mechanisms, light 
collection and photoelectron emission result in large 
statistical fluctuations in the number of photo-electrons 
emitted from the cathode of photomultiplier for a given 
amount of y-ray energy deposited. The inefficiency of 
the scintillator-photomultiplier systems requires more 
than 300 eV of energy absorbed in the crystal to release 
a photo-electron while in average semiconductor detectors, 
a. hole-electron pair is produced for only about 3 ©V of 
photon energy absorbed. For this reason, statistical 
fluctuations in the charge production process in Ge(Li) 
detector are small and high resolution is possible.
The high resolution provided by the Ge(Li.) detector 
enables accurate determination of y-ray energies and thus 
of level energies. Precise determination of these 
energies makes it possible to deduce the decay scheme of 
a capture resonance level from one singles spectrum 
otherwise many Nal(Tl) coincidence spectra, would be 
required to attain a comparable result. A doublet of 
energy levels separated by the order of 20 keV can be
Figure 5 »1
The A.N.U. 20 c.c. lithium drifted germanium 
detector is drawn to scale, the shaded part 
indicates the volume that is not depleted by 
the coaxial drift process.
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well resolved by Ge(Li) detector which can determine 
level energies with a precision of 1 keV, and the word 
'doublet' is hardly applicable to them.
In y-ray angular correlation measurements with 
Nal(Tl) crystals it is highly likely that the window set 
to select the y-rays of the cascade studied may contain 
other unsuspected peaks hidden under the main peak. A 
prior measurement with a Ge(Li) detector will resolve 
these peaks and allow a more justified choice of y-rays 
for angular correlation measurement with Nal(Tl) 
detectors.
The purpose of the present work was to investigate 
the performance and characteristics of the newly acquired 
20 c.c. coaxially drifted Ge(Li) detector and apply it to 
the study of nuclear reactions which result in the 
emission of y-rays. Figure 5*1 shows the trapezoidal and 
rectangular cross sections of the detector after being 
drifted approximately 12 m.m. from the front side and 
each of the four sides. It was operated with a bias 
voltage of -1200 volts at liquid nitrogen temperature to 
reduce the leakage current in germanium.
2. Performance of the spectrometer
The characteristics of the coaxial diode as a y-ray 
spectrometer were investigated with the system shown in
Figure 5 »2
The experimental set up of the Ge(Li) y-ray 
spectrometer.
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Figure 5*2. The SIMPUL program was- developed in the 
Nuclear Physics department to control an Intertechnique 
CA - 13 analog to digital converter interfaced to an 
IBM - 1800 digital computer so as to provide a pulse 
height analyzer of up to 4096 channels. Pulses from the 
Ge(Li) detector (capacity 17 pf ) were amplified by a 
TC - 1 3 0  preamplifier which has at the input field effect 
transistors operating at room temperature. The signal 
was further amplified by an ORTEC -410 main amplifier and 
analyzed and stored in either an RCL-312 channel pulse 
height analyzer or in the IBM - 1800 computer. Before 
the SIMPUL system was available, an 0RTEC-408 bias 
amplifier followed by an 0RTEC-4-11 pulse stretcher 
enabled expansion of small portions of a spectrum. 
Investigations of the various characteristics of the 
detection system are described below.
2.1 Resolution
The energy resolution (full width at half maximum) 
of the detector system for ^  Co y-rays was investigated 
using various combinations of preamplifiers and main 
linear amplifiers available in the laboratory. The 
widths observed for the full energy peak of the 1.333 MeV 
y-ray is summarized in Table 5.1»
Figure 5.3
The ^ C o  spectrum with optimum resolution of 
4.2 keV for the 1.333 MeV y-ray.
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Table 5.1 
Resolution
Preamplifier Main amplifier Resolution
(keV)Make Mode Make Mode
ORTEC-IO3 RC (a) ORTEC-203 RC 9.6
ORTEC-103 DL (b) ORTEC-410 RC 8.7
ORTEC-103 DL ORTEC-410 RC 10.2 (c)
TC-130 o r t e c -410 RC 4.2
ORTEC-IO9 o r t e c -410 RC 3.5
(a) RC : RC pulse shaping
(b) DL i indicates delay line mode but actually no 
shaping is done by preamplifier
(c) with pulse stretcher 2 (is.
^ Q
Figure 5*3 shows the Co spectrum corresponding to 
the best resolution obtained with the TC-130 and 
ORTEC-410 combination. The main amplifier was found to 
require integration and differentiation time constants of 
2 (is - 2 (is - 1 (is for optimum resoltuion.
Factors that determine the energy resolution of a 
germanium detector system have been discussed by Goulding 
(GO 66a). These includes
(1) statistical spread in the detector signal
(2 ) noise in the associated electronic system, i.e., 
preamplifier and main amplifier
(3 ) noise due to detector leakage current.
For a given system, the latter two factors are
constant whereas the first factor depends on the incident
Figure 5•^
Comparison of the line width of the full 
energy peak of a 1 0 .76 MeV y-ray to that of 
I.78 MeV y-ray obtained in the same spectrum
10-774 MeV
•772 MeV
20102000
CHANNEL NUMBER
8.5
y - r a y  energy. At low energies, the statistical spread 
due to the e l e c t r o n - h o l e  p r o d u c t i o n  m e c h a n i s m  is us u a l l y  
small, compared w i t h  the a m p l i f i e r  noise, so that the 
observed line widths ( t y p ically 2 to 3 k e V ) are m a i n l y  
due to noise a s s o c i a t e d  with e l e c t r o n i c  system and 
d e t e c t o r  leakage current. At h i g h e r  energies, the square 
of the line width increases l i n e a r l y  with energy, as 
shown in e q u a t i o n  (5»l).
(FWHM)2 =F(Ey/e) .....  (5.1)
where E^ .■= gamma energy a b s o r b e d  by the det e c t o r
0 = a v e rage e n e r g y  r e q u i r e d  to p r o duce a hole- 
e l e c t r o n  pair (~ 2.85 eV for germanium)
F = Fano factor.
The slope of the plot of (resolution)"' v e rsus energy 
e stablishes the 'Fano factor' w h i c h  w o uld be zero if 
there were no statistical f l u c t u a t i o n  in the amount of 
charge p r o d u c e d  and col l e c t e d  p er unit e n e r g y  of y-ray 
absorbed. F i g u r e  shows the line widths of the full
energy peaks of 10,76 and I .78 M e V  y-rays after the full 
e n ergy peaks have bee n  n o r m a l i z e d  to the same height.
The y-ray line widths were o b t a i n e d  from a spectrum of 
the 2 ^ A 1 (p ,y)2 ^Si res o n a n c e  at Ep = 992 k e V  (AZ 66) u s i n g  
a 5 k e V  thick target. The w i d t h  of 1 0 .76 M e V  y-ray is 
22 k e V  and is 2.5 times that of 1.78 M e V  y-ray as one 
would expect from e q u a t i o n  (5 .1 ). The line widths
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obtained from nuclear reactions are broader than those 
obtained from sources due to Doppler effect. For a given 
(p,y) reaction, the line widths are also affected by the 
thickness of the target used a thick target gives 
broader peaks than a. thin target if the resonance width 
is broader than the resolution of the system. The 
counting rate of the detection system also affects the 
resolution,, This was particularly so in collecting the 
6.129 MeV y-ray line shape from ^F(p,ay)^0 resonance in 
which the y-ray yield was very high. Good resolution was 
obtained by reducing the bombarding proton beam intensity 
so that no appreciable dead time loss occurred due to 
very high counting rate. In general, to obtain an 
optimum resolution it is necessary to keep the dead time 
loss to within one per cent.
2.2 Energy linearity and calibration
One of the principal functions of a y-ray 
spectrometer is to measure radiation energies. The 
advantage of the high resolution of a Ge(Li) detector 
over Na.l( T1 ) detectors is the possibility of more 
precise determination of y-ray energies. In fact level 
energies can be assigned with comparable or even better 
accuracy than with high resolution magnets. Magnetic 
spectrometers are superior only in low energy region
Figure 5•5
The ThC" spectrum collected with SIMPUL 2048 
channels. Peak energies are from reference 
(EM 6o).
W  o-=
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where the electron conversion efficiency is high. 
Principal sources of error which arise in the energy 
calibration of a germanium detector system ares
(1) error in determining the peak positions
(2) non-linearity of the pulse height analyzer
(3) uncertainties in Doppler shifts corrections due 
to limited information of the life times of the levels 
emitting y-rays
(4) for (p,y) reactions the uncertainty in the 
incident proton energy which is usually known to within 
1 or 2 keV and in the Q-value of a particular reaction 
which may be known to within 2 or 3 keV
(5) gain drifts in the associated electronic 
amplifier system
To eliminate any possible contribution from the 
latter three sources of error, a moderately strong y-ray 
source of well known y-ray energies was used to check the 
linearity of the system. Figure 5«3 shows a spectrum 
from a 5 mC thorium (B+C'+C") source collected for a 
period of 20 minutes on SIMPUL system with 2048 channels. 
The source was also used to check the linearity of the 
RCL-512 pulse height analyzer and SIMPUL system with 1024 
and 4096 channels respectively. The energy calibrations 
of the two systems were derived with least squares fits
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of two parameters (linear s E ~ Bx + C) and three
2,parameters (parabolic s E Ax' + Bx + C). The results 
are shown in Tables 5*2 -5 5°
Table 5 »2
Linearity of RCL-512 pul se height analyzer (ThC,> source)
E (KeV) Peakposition
linear Parabolic
FIT FIT-DATA FIT FIT-DATA
511,01 
583.14
1592.45
2103.46
261.4.47
104.29 
117,87 
303021 
396.23 
489.04
508.95 
583.17 
1596.12 
2104.51 
2611.76
-2.06
0.03
3.67 
I.05 
-2.7I
510.33583.84
1592.70
2102.06
2614.68
«0.68
0.70
0.25
-O.5O
0.21
A
B
C
5.4654
-61.035
0.15167 x 10 3 
5.3794 
-52.335
Differential linearity 2.35% 
Integral linearity 0,14^
Table 3*3
Linearity of SIMPUL system 102*4 channels (ThCn source)
E (KeV) Peak Linear Parabolicposition FIT FIT-DATA FIT FIT-DATA
511.01 185.41 511.24 0.23 510.98 -0.03
583.l4 211.39 583.25 0.11 583.12 -0 . 021592.45 575.37 1592.08 -0.37 I592.72 0.27
2103.46 759•63 2102.79 -O.67 2103.37 -0.382614.47 944.49 2615.16 0.69 261.4.60 0.13
A 2 .77I6 -0.73249 X 10~5
B 2,7716 2.7795C -2 .65O8 -4.1219
Differential linearity 0,27$ 
Integral linearity 0.026$»
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Table 5-4
Linearity of SIMPUL system 2048 channels (ThCn source)
E (KeV) Peakposition
Linear Parabolic
FIT FIT-DATA FIT FIT-DATA
511.01 
583.14 
1592.45 
2103-46 
26i 4.47
370.30
422.35
II5I.5O 
1520.81 
1890.65
511.18
583.20
1592.12
2103.13 
26l4.87
0ol7
0.06
-0.33
-0.33
o.4o
5II.O2 
583.12
I592.53
2103.32
2614.52
0.01 
-0.02 
0.08 
-0.14 
0.05
A -0.11616 X 10"5
B 1.3836 1.3861
C -1.1961 -2.1280
Differential linearity 0.1 6$ 
Integral linearity 0.015$
Table 5-5
Linearity of SIMPUL system 4096 channels (ThC1* source)
E (KeV) Peakposition
Linear Parabolic
FIT FIT-DATA FIT FIT-DATA
511.01 743.26 511.13 0.12 5I O .98 -0.03
583.l4 848.25 583021 0.07 583.13 -0.011592.45 2318.24 1592.32 -O.I3 1592.71 0.26
2103.46 3062.03 2102.91 -0.55 2103.09 -0.3726i 4.47 3807•91 2614 0 94 0 . U 7 2614.6l 0.14
A -0.27067 x 10 6
B 0.68647 0.68764
C 0.90884 0.02869
Differential linearity 0.19$ 
Integral linearity 0„021$
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The energies of y .rays were obtained from reference 
(MU 65), arid the peak positions were determined from a 
parabolic fit to the three highest points comprising the 
peak. The degree of uncertainty involved in locating the 
peak position depends on statistics of each point and on 
the shape of each peak. With an ORTEC=4l9 precision 
pulser the 'peaks' often comprised only of two channels 
in the spectrum:; in this case the peak positions were 
determined by weighted means according to the counts in 
each channel. In general, it was possible to determine a 
peak position to within 0,1 of a channel. The linearity 
obtained from the precision pulser is shown in Table 5.6 
and 5.7.
Before the SIMPUL system was available, an ORTECU 4o8 
biased amplifier and an 0RTEC~4ll pulse stretcher with an 
RCL-512 pulse height analyzer were used to collect y~ray 
spectra in the energy region of 2.5“5*0 MeV from 
^^Mg(p,y)^^Al resonance at Ep = 809 KeV. Table 5*8 shows 
the linearity of the detection system checked with a 
pulser.
From Tables 5.2-5.8, it can be seen that better 
energy calibrations are obtained from parabolic fits for 
both systems. The necessity for parabolic fitting of 
channel energies to attain accurate measurement of y-ray 
energies was also reported by Van der Leun et a1 , (VA 67 )
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Table 5.6
Linearity of RCL -512 pulse height analyzer (pulser)
Pulser
dial
Peak
po sition
Linear Parabolic
FIT FIT-DATA FIT FIT-DATA
5^0 15.93 5 3 6 . 7 7 -3.23 539-59 - 0 .4l570 50.07 569.09 -0.91 57O.72 0.72
600 82.73 600.01 0.01 600.66 0.66
630 113•90 629.52 -0.48 629.4o -0.60
660 l46.80 660.66 0.66 659.90 -0.10
690 178.81 690.96 0.96 689.74 -0.26
720 210.05 720.54 0.54 719.OI -0.99750 242.90 751.64 1.64 749.96 -0.04
780 275.IO 782.12 2.12 780.47 0.47
810 306.20 8II.56 1.56 810.09 0.09
84o 337.85 841.53 1.53 840.38 0.38870 369.10 871.11 1.11 870.46 0.46
900 399.94 900.31 0.31 900.28 0.28
930 430.00 928.76 -1.24 929.50 - O . 5 0
960 460.98 958.09 -1.91 959.76 -0.24990 491.78 987.25 -2.75 990.00 0.00
Differential linearity 7*17$ 
Integral linearity 0.33‘$>
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Table 5.7
Linearity of SIMPUL system 1024 channel (pulser)
Pulser 
dial
Peak
position
Linear Parabolic
FIT FIT-DATA FIT FIT-DATA
50 63.01 50.27 0,27 49 e 94 -0.06
100 123•98 IOO.63 0.63 100.44 0 . k k150 183.42 149.73 -0.27 149.64 -O.36
20Q 246.20 I99.93 -0.07 199.94 -O.O6250 306.52 249,75 -0.25 249.84 -O.I6300 367.29 299.95 -O.O5 300.09 0.09
350 427•70 349.85 -O.I5 350.02 0.02
400 488.12 399.75 -Oo25 399-95 -O.O5450 548.71 449.80 -0.20 450.00 0.00
500 609.30 499.85 -O.I5 500.02 0,02
550 669.73 549.76 -0.24 549.90 -0.10600 730o 78 600.19 0.19 600.27 0,27630 791.00 649.93 -0.07 649 Q94 -O.O6
700 851.98 700.30 0.30 700.21 0,21
750 911•92 749.81 -O.I9 749.61 »0.39
800 973.19 800.42 0.42 800.09 0.09
Differential linearity 1.8.5$ 
Integral linearity 0.079$
Table 5.8
Linearity of RCL-512, 0RTEC-411 and 
QRTEC~4o8 system (pulser)
Pulser
dial
Peak
position
Linear Parabolic
FIT FIT-DATA FIT FIT-DATA
290 19 0 60 288.37 -O.63 290o05 0.05
315 65.00 314,36 -0.64 315.IO 0o 10
34o 109•70 339.96 -0.04 339.96 -0.04
365 154.04 365.34 0.34 364.80 -0.20
390 198.96 391.06 1.06 390.16 0.16
415 241.96 415.68 0.68 4i4.62 -0.38
44o 286.06 440.93 0.93 439.88 -0.12
465 329.98 466.08 1.08 465.23 0.23490 373033 490,90 0.90 490o43 0.43
515 415.13 514.83 -0.17 514.89 -0.11
540 457.60 539.15 -0.85 539.92 -0.08
565 499.70 563.26 -1.74 564.90 -0.10
Differential linearity 4.34$ Integral linearity 0.31$
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26 27in their studies of " Mg(p,y) *A1 reaction. Ewan and 
Tavendale (EW 64) have shown that the response of a 
Ge(Li) detector is linear from 0 to 2600 keV to within 
the _+ 0. yjo accuracy of the preci sion pulser used for the 
measurement, so that the non-linearities observed are 
attributed to the analog to digital converters used in 
the system. The differential and integral linearity of 
the Intertechnique CA-13 analog to digital converter 
used in the SIMPUL system have been investigated in this 
laboratory by other methods, their values are also listed 
in the tables.
Unfortunately the thorium source provides only low
energy y-rays. Accordingly, y-rays from nuclear
reactions must be used for high energy calibrations and
corrections made for Doppler shifts. In the study of 
26 27Mg(p,y) 'A1 resonance at Ep = 809 keV, a maximum energy
shift of 11 keV is possible for an 8 MeV y-ray if the
detector is at 0° to the beam. Nevertheless two good
calibration points were obtained in the spectra from the
2 6bombardment of Mg target, viz. , the 5 H  keV
annihilation of radiation and 6.129 MeV y-rays due to
fluorine contamination of the target via the ^ F ( p , a y ) "^0
1 6reaction. The 6.129 MeV level of 0 has a sufficiently 
long lifetime of about 10 sec that the energy is not
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Doppler shifted since recoiling 0 nuclei have 
completely stopped before the y-ray is emitted.
To maintain high resolution during long data runs, 
more severe requirements in the gain stability of the 
electronic system are inevitable for Ge(Li) detector 
systems. Gain shifts in the system cause occasionally- 
broadened peaks or even double peaks for a single y-rayj 
these troubles were encountered in the course of study. 
Adequate gain stability was achieved if the A,D,C„ and 
the associated amplififer system were maintained at a 
constant room temperature and operated from a well 
stabilized mains supply.
2.3 Calculation of detector efficiencies and angular
correlation attenuation factors
As shown in Figure 5*19 the present detector has an 
irregular shape and a volume not accurately defined so 
that calculation of detector efficiencies for given 
geometries is difficult. In the following calculation, 
the trapezoidal detector was assumed to be rectangular 
and to have a completely sensitive volume. These 
assumptions will naturally result in higher detector 
efficiencies. The y-ray mass attenuation coefficients 
were taken from the tables of Storm, Gilbert and Israel 
(ST 58) and multiplied by the density of germanium at 
77° K (5.325 g/cm^) to obtain the linear attenuation
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coefficients. In using the table, the total absorption
for a given y-ray energy was taken as the sum of
T, Q , and , where* a I T
T = the cross section for the production of 
photoelectron
CT = the absorption component of the total Compton 
cross section
a = the incoherent scatter component for the total 
Compton cross section 
= the sum of the cross section for pair
production in the field of the nucleus and of 
the atomic electrons.
The linear attenuation coefficients T and K are 
tabulated in Table 5*9 and shown in Figure 5 . 6  since 
these data are used in the calculation of photopeak 
efficiency and pair production efficiency for comparison 
with experimental values.
If detector efficiency is defined as the ratio of 
the number of events detected to the number of y-rays 
emitted, the efficiency e can be expressed in terms of 
the linear total absorption coefficients (j by
C = 5rr /  1 1 “ exp(-tlS) j- dQ ..... (5.2)
where S is the length of path traversed by y-rays in the 
detector, and dQ is the solid angle subtended at the
Figure 5 «6
The linear attenuation coefficients of y-rays 
in germanium.
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Table 5.9
Gammay ray attenuation coefficients in germanium (cm h
E (MeV) Photo­
electric
T
1Compton
CJ ~ 0 +0  a I
Pair
production
Kt
' ' "1To t al
1 T + CTH-.K
0 . 0 1 l 6 0 . 815 0 . 9 1 6 1 6 1 . 7 3 1
0 . 0 1 5 5 0 3 . 7 ^ 5 0 . 8 7 2 5 0 4 . 6 1 7
0 . 0 2 2 2 6 . 3 1 3 0 . 8 8 0 2 2 7 . 1 9 3
0 . 0 3 7 1 . 3 5 5 0 c 8 4 0 7 2 . 1 9 5
o . o 4 3 0 . 6 1 9 0 . 7 9 9 3 1 . 4 1 8
0 . 0 5 1 5 . 8 1 5 0 . 8 0 9 1 6 . 6 2 4
0 . 0 6 9 . 3 7 2 0 . 7 6 7 1 0 . 1 3 9
0 . 0 8 3 . 9 9 9 0 . 7 3 1 4 . 7 3 0
0 . 1 0 2 . 0 6 6 O . 6 9 9 2 . 7 6 5
0 . 1 5 O . 5 8 6 0 . 6 2 7 1 . 2 1 . 3
0 . 2 0 0 . 2 5 6 0 . 5 7 5 0 . 8 3 1
0 . 3 0 0 . 0 7 5 0 . 5 0 0 0 5 7 5
0 . 4 0 0 . 0 3 4 0 . 4 4 8 0 . 4 8 2
0 . 5 0 0 . 0 1 9 0 . 4 0 9 0 . 4 2 8
o .  6o 0 . 0 1 1 0 . 3 7 8 0 . 3 8 9
0 . 8 0 O.OO53 O . 3 3 2 0 . 3 3 7
1 . 0 0 0 . 0 0 3 7 0 . 2 9 8 0 . 3 0 2
1 . 5 0 O.OOI6 0 . 2 4 2 0 . 0 0 2 0 . 2 4 6
2 . 0 0 0 . 0 0 1 1 0 . 2 0 7 0 . 0 0 9 0 . 2 1 7
3 • 00 0 . 0 0 0 5 3 O . I 6 2 0 . 0 2 4 0 . 1 8 7
4 . 0 0 0 . 1 3 6 0 . 0 3 8 0 . 1 7 4
5 .  oo 0 . 1 1 7 0 . 0 5 1 0 . 1 6 8
6 . 0 0 0 . 1 0 4 0 . 0 6 2 0 u l 6 6
8 . 0 0 0 . 0 8 5 0 . 0 7 9 0 . 1 6 4
1 0 . 0 0 0 . 0 7 2 0 . 0 9 4 0 . 1 6 6
1 5 .  oo 0 . 0 5 3 0 . 1 2 2 0 . 1 7 5  j
2 0 . 0 0 0 . 0 4 3 0 . 1 4 3 0 . 1 8 6
3 0 . 0 0 0 . 0 3 1 0 . 1 7 2 0 . 2 0 3
4 o . o o 0 . 0 2 5 0 . 1 9 2 0 . 2 1 7
5 0 . 0 0 0 . 0 2 1 0 . 2 0 7 0 . 2 2 8
6 0 . 0 0 0 . 0 1 8 0 . 2 1 9 0 . 2 3 7
8 0 . 0 0 0 . 01 . 4 0 . 2 3 6 0 . 2 5 0
1 0 0 . 0 0 0 . 0 1 2 0 . 2 4 8 0 , , 2 6 0
Figure 5 » 7
Geometry of a quarter section of a rectangular 
detector (HO 65).
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source by the detector . The calculation of a. planar 
drifted Ge(Li) detector with rectangular shape has been 
carried out by Hotz et al„ (HO 6  5 ) <. Their method was to 
divide a quarter section of the crystal into three 
regions according to the path of y-ray through the 
crystal and perform the integration with respect to the 
solid angle subtended at each region (see Figure 5•7)° 
The same scheme was used here and the calculations of 
detector efficiencies (equation 5*3) and angular 
correlation attenuation factors (equation 5*^0 were 
carried out with a program GEEFFANG (see Appendix) using 
an IBM- 3 6 0  computer.
The detector efficiency
id
_HW_ _HI.
H + T r H + T
[1 -  e x p f - i — ) f i ^ d Y d X  
H R3
rv
HW
H + T
XL
¥
[1 - exp(»MR|| - l\)]“ dYdX
r L YWL
[l - exp(“PR| Y - 1 *])]“ '-! XdY
1
H + T
(5-3)
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The angular correlation attenuation factor
Ql ns4_H ¥ _ __HL_H + T f H T T P^( ocs 9) [ 1 - exp(--^ ~ ) ]^~-dYdXH R 3
¥ .XL 
¥ P»(cos 6)[l
_H¥_ 
H + T
exp(-|jRj|~l{ ) FjdY d X  
R
L . Y¥ 
L P^(cos 0)[1 - exp(-uR|Ll} ) ^ d X d r l
H + T
(5.4)
where R = (x2 + Y2 + H 2 )*
P^(cos 9) = P i (— ) are Legendre polynomials.I R
In equation (5*3) and (5.4), the first term is for a 
y-ray which enters the top face and exits through the 
bottom face, the second term is for a y-ray entering the 
top face and leaving through one side and the third term 
is for a y-ray entering the top face and leaving through 
the other side face» The results of calculations are 
shown in Table 5.10 for source - detector distance of 
2.54 cm and 5*0 cm. Figure 5°8 shows the plots of 
detector efficiencies.
Figur e 5-8
Calculated detector efficiencies at 2.5^ and 
5.0 c m .
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Table 5.10
Detector efficiencies and angular correlation 
attentuation factors
E (MeV)
2.54 cm 5.00 cm
Eff (#) V Jo V Jo E f f (#) V Jo J4/Jo
0.3 3.82 0.8261 O.5 O73 1.42 0.9362 0.7990
0.6 3 • 61 0.8275 0.5109 1.35 0.9366 0.8002
0.8 3.30 0.8295 0,5159 1.24 0.9372 0.8020
1.0 3.06 0.8310 0.5194 1.15 0.9376 0.8032
1.5 2.64 0.8332 0.5251 1.00 0.9383 0,8051
2.0 2.40 0.8345 0.5282 0.910 0.9386 0.8062
3.0 2 . l4 0.8357 0.5313 0.814 O.9 3 9 O 0.8072
4.0 2.02 O .8363 0.5327 0.770 O.9 3 9 I 0.8077
3.0 1.96 0.8365 0.5333 0.747 0.9392 0.8079
6.0 1.93 0.8367 0.5336 0.738 0.9392 0.8080
8.0 1.92 0.8367 0.5337 0.734 0.9392 0.8080
10.0 1.94 0.8366 0.5336 0.74o O.9.392 0.8080
15. o 2.03 O .8362 0.5325 0.775 0,9391 0.8076
2.4 Photopeak efficiency
The intrinsic full energy peak efficiency of the
137 22detector was measured with Cs and Na sources. Since
these were not calibrated standard sources, the source
strengths were determined with a 3 ” x 3" Nal(Tl)
scintillation counter for which the detector efficiency
and peak to total ratio are well known. Each source was
mounted on the axis of the two detectors 5 cm from the
Ge(Li) crystal and 10 cm from the Nal(Tl) crystal.
Figure 3.9 and Figure 5*10 shows the spectra obtained 
137 22from Cs and ~'Na sources respectively. Since the
Figure 5-9
The 662 keV y-ray spectra measured with a 
3" x 3" Nal(Tl) detector (A.) and the Ge(Li) 
detector (B ).
ion'( Cs source)„
66
2K
e
<
H3NNVH0 /  SlNflOO
20
0 
22
0 
24
0
C
H
A
N
N
EL
 
N
U
M
B
ER
“I3NNVH0 /  SlNflOO
C
H
A
N
N
EL
 
N
U
M
B
ER
The 5 II and 127^ keV y-ray spectra measured 
with a 3” X 3 ,f Nal(Tl) detector (A.) and the 
Ge(Li) detector (b )0 
( a source).
20
 K
H3NNVHD /  SINnOO
C
H
A
N
N
E
L 
N
U
M
B
E
R
“13NNVH0/ SlNflOO
C
H
A
N
N
EL
 
N
U
M
B
ER
100
results obtained from these measurements, viz,, intrinsic 
full energy peak efficiencies of the 5 1 1 , 662 and 1274
keV y-rays, are used to normalize the relative 
efficiencies of high energy y-rays, it is important to 
measure them as accurately as possible. Table 5 - H  shows 
the experimental results and the calculation used to 
obtain these values.
The observed counts of full energy peak in column 3 
and 4 were obtained by summing the counts comprising the 
peak and. subtracing appropriate background and 
contributions from higher energy y-rays, if present. The 
3" x 3" Nal(Tl) detector efficiencies and peak, to total 
ratios at 10 cm were obtained from reference (MA 6o ). A 
check of the results is provided by the ratio of total 
511 and 12?4 keV y-rays emitted by the source; the value 
obtained from Table 5.11 is 9 .3106/5.1706 = 1.801 as 
compared to the theoretical ratio is 1.796 (EN 62).
For higher energy y-rays, the relative efficiencies 
were measured for pairs of y-rays from nuclear reactions 
and sources in which the relative intensities of the 
pairs of y-rays were well known (Table 5.12). Figure 
5.11 shows the plots of the full energy peak efficiency 
as a function of energy. The high energy end of the 
curve was extended pair by pair by interpolation and 
extrapolation until a smooth curve was obtained.
Figure 5 »11
The intrinsic full energy peak efficiency of 
the 20 c.c. Ge(Li) detector.
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Figure 5 »12
The intrinsic ful.1 energy peak efficiency of 
the 20 c.c. Ge(Li) detector is compared with 
those of 3" x 3n and l.^ M x 2 " Nal(Tl) crystals. 
The dotted line shows the calculated photopeak 
efficiency using the photoelectric cross 
section of Table 3*9*
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As the y-ray energy increases the photoelectric 
cross section drops very rapidly (Figure 5.6) and the 
photopeak efficiency drops accordingly. However, 
because of the photoelectric absorption of Compton 
scattered y-rays and of two annihilation gamma quanta 
simultaneously in the pair production process, the total 
full energy absorption efficiency exceeds the 
photoelectric efficiency. Figure 5*12 shows the 
difference between the experimental efficiency 
curve and the calculated curve using the photoelectric 
cross section (Table 5 °9.)* This difference will increase 
as the sensitive volume of the detector becomes larger.
It is important to know the full energy peak efficiency 
of a particular detector experimentally so that the 
y-ray intensities can be extracted accurately. The word 
'full energy peak' is preferred to that of 'photopeak', 
since all the y-ray energies studied were above 1 MeV, 
where the full energy peak is not due only to the 
photoelectric effect. The full energy peak efficiencies 
of 3" x 3" and 1^" x 2" Nal(Tl) crystals are also shown 
in Figure 5*12 for comparison with 20 C oC. Ge(Li) 
detector, they were obtained from reference (MA 6O).
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2.5 Double escape peak efficiency
A y-r a y with energy greater than 1,022 MeV incident 
on the detector can produce an electron-positron pair and 
many of the electrons and positrons deposit most of the 
energy in the detector. As shown in Figure 5. 6 „ the cross 
section for pair production rises rapidly above the 
threshold and at about 1.5 MeV y-my energy begins to 
exceed that of the photoelectric effect. For each 
electron-positron pair produced, two 5H"keV photons are 
created from positron annihilation, Because of the 
limited size of the detector most of the annihilation 
photons escape. If both quanta escape a peak 
corresponding to an energy of - 1,022 MeV, the ’double 
escape peak', results. There is also a weaker peak 
corresponding to energy of E^ - 0.5H MeV, since the 
probability of the energy of one of the 5H-keV y-rays 
being completely deposited within the detector is much 
smaller; this is the 'single escape peak’, A full energy 
peak corresponding to photoelectric absorption of 
incident and Compton scattered y-rays and re-absorption 
of both the anniliation quanta due to pair production is 
also observed in high energy y-ray line shapes. Figure 
5.1,3 shows the variation of the ratio of double escape 
peak to full energy peak with respect to the incident
Figure 5-13
Ratio of double escape peak to Full energy 
peak efficiency and relative double escape 
peak efficiency of y-rays of the 20 c.c. 
Ge(Li) detector.
RELATIVE DOUBLE ESCAPE
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y-ray energy. The curve was obtained from the 
measurement of the ratio of y-ra.ys listed in Table 5*13°
Table 5°13
Double escape peak to full energy peak ratio of y-rays
Reaction Ep (KeV) Ey (MeV) Ratio
27Al(p, Y.b8Si 992 1.78 0,10
’6Mg(p, y )27A1 662 2.7.5 0o.50
13C(p ,y )14N 554 4,11 1 0 8 .5
“ Bfp, y )12C 6 00 4.43 1.95
26Mg(p,y )27A1 662 .5-32 2.57
19F(Psay)160 597 6.13 4.01
30s ±(p ,y )3,p 620 7.89 6.89
,3c (p ,y ),4n 551* 8.06 7-39
27Al(pjY)28Si 992 10.76 11.62
From Figure 5*13» it is seen that above a y-ray 
energy of 3*4 MeV, the double escape peak is the most 
intense peak in the spectrum of a single y-ray. Thus the 
double escape peak is used most often for the 
identication of high energy y-rays and for the estimation 
of the full energy peak intensity via the double escape 
peak to full energy peak ratio. The fact that the double 
escape peak to full energy peak ratio is greater than 
1.0 at 3.4 MeV instead of at 1.5 MeV as would be expected 
from the photopeak and pair production cross section is 
further indication that the detector has a large sensitive
Figure 5 •
Double escape peak efficiency of the 20 c.c 
Ge(Li) detector. Curve A is experimentally 
obtained and curve B is calculated from the 
pair production cross section.
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volume and that multiple absorption processes are 
contributing to the full energy peak,
Figure 5 • l4 shows the double escape peak 
efficiencies of the detector Curve A. is obtained by 
multiplying the values obtained from Figure 12 and Figure 
13 * and curve B is calculated from pair production cross 
section. The experimentally obtained curve A. has a much 
smaller efficiency at higher energies as compared to the 
calculated result and in fact the efficiency decreases as 
gamma energy increases, Ewan and Tava.ndale (EW 64) 
studied this effect; for a relatively small crystal of 
3.5 m,m. depth and gave as two reasons;
(1) A large number of electrons and positrons 
created by the pair production process have sufficient 
energy to escape from the detector before losing all of 
their energy,
(2) High energy electrons and positrons in slowing 
down lose energy by emission of bremsstrahlung which can 
escape from the detector,
3. Line shape analysis
Though the methods described in Chapter 2 for the 
analysis of scintillation spectra are applicable to 
Ge(Li) spectra, the increased number of channels which 
are necessary for high resolution germanium spectra.
Figure 5•15
The distributions of the ratio of double 
escape peak to full energy peak of y-rays 
emitted from the 719 (crosses), 809 (dots) and 
954 (open circles) keV resonances of
Mg(p>y) 'A1 reaction along with the measured
curve.
809 K«V
721 K«V
954 K*V
DOUBLE ESCAPE/FULL ENEROY
GAMMA RAY ENERGY-MeV
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presents a problem for computer least squares analysis 
because of limited number of available core locations.
The recent work of Van der Leun et aJ . (VA 67) derived
Y-ray intensities from intrinsic full energy peak or 
double escape peak efficiencies without any attempt at 
line shape analysis. The present work, however, found 
that the line shape analysis was necessary to check the 
results obtained from the intrinsic full energy peak 
efficiency and that more accurate results were in fact 
obtained. This is because the data points comprising 
peaks in a Ge(Li) spectrum constitute only a small 
proportion of the total spectrum. Figure 5•15 shows the 
distributions of the ratio of double escape peak to full 
energy peak as compared to the measured line of Figure 
5 .I3 for y-ray^s emitted from the ' Mg(p,y)~/Al resonances 
at Ep = 719 (crosses), 809 (dots) and 954 (open circles) 
keV, The considerable scatter of points indicates the 
inaccuracies of intensities determined in this way 
( ~ +_ 20%) and indicates the necessity of a more accurate 
me thod.
The standard y-ray line shapes of energies I.78O, 
2.367? 4.433, 6.129? 8.O6O and IO.76O MeV were measured 
in 2048 channels. Since the storage of these line 
shapes would occupy 49 kilo bytes of computer core, they 
were stored on disk and added to the main program only at
Figure 5«l6
The standard y-ray line shapes -of energy 1.780, 
2.367, 4.433, 6.129, 8 .O6O and 10.760 MeV with 
each normalized to have a unique integrated 
intensity of 10^ counts.
o in
Figure 5»17
The standrd y-ray line shape of energy 1.780, 
2 .367 , 4.433, 6.129, 8 .O6O and IO.76O MeV with 
the full energy peaks aligned and normalized 
to the same height.

Figure 5•18
The 6.129 MeV y-ray line shape using the
1 ^ F ( p ,ay)1^0 resonance at 597 keV, The bump
on the low energy side of each of the three
peaks indicates that y-rays were emitted from
1 60 nuclei recoiling into vacuum in the 
backward direction.
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the time when they were used, A least squares fit
program called FITTER (see Appendix) was developed for
the IBM-36O computer to analyze complex y-ray spectra of
up to 2048 channels with the number of components (more
than 20) adjustable according to the size of the energy
interval fitted, Figure 5-16 shows the line shapes each
normalized to have a unique integrated intensity of 10^
counts and Figure 5»17 shows the line shapes with the
full energy peaks aligned to the same position and
normalized to the same height. The I.78O and IO.76O MeV
y-ray line shapes were obtained from the /A1 (p , y ) S i
resonance at Ep = 992 keV (AZ 66)„ The 4.433 MeV y-ray
line shape was obtained from the ’B(p,y) ‘'C reaction at
Ep = 600 keV. This was found necessary to replace the
(p ,ay) C resonance which was used in Nal(Tl) line
shapes due to the Doppler broadening of peaks resulting
from the recoil of a-particles significantly affects the
resolution of the Ge(Li) line shape. This effect became
serious in the measurement of 6.129 MeV y-ray line shape 
1 9 /  \16using the 'F(psay) 0 resonance at 597 keV. The line 
shape taken with the detector at 0° to the beam is shown 
in Figure 5-18. The bump on the low energy side of each 
of the three peaks indicates that y-rays were emitted 
from ^ 0  nuclei recoiling into vacuum in the backward
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direction. To prevent this effect, a thin film of gold
was evaporated on to the surface of the fluorine target.
1 3The C target which was used in the measurement of 
8 .06 MeV y-ray line shape for the Nal(Tl) detector was 
found too thick to use for the line shape of Ge(Li) 
detector. The resonance width of 33 keV at Ep = 55^ keV
is broad compared to the resolution of the detection
1 3system. A thin "’C target of about 3 keV thick which was 
prepared by cracking enriched methyl iodide on a tantalum 
foil was used instead for the measurement of 8 .06 MeV 
y-ray line shape.
The quality of the fits and the intensities 
obtained are discussed in the study of Mg(p,y) 'A1 
reaction at 954 keV resonance in which the intensities 
obtained from the intrinsic full energy peak efficiencies 
were compared.
4. Application
The high resolution obtainable from a Ge(Li) y-ray 
spectrometer enables accurate measurement of y-ray 
energies, Doppler shifts and broadenings thus providing 
accurate assessments of level energies, decay schemes and 
life times of excited states and the elimination of 
ambiguities and incorrect assignments of spins which have 
arisen from measurements made with inadequate resolution.
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The application of the 20 c .c . Ge(Li) detector is 
demonstrated in the study of the ~ Mg(p,y) *A1 
resonances at Ep ~ 662, 71-9 s 809? 839? 95^ and 982 keV„
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FIGURE CAPTIONS
Figure 5.1
Figure 5*2
Figure 3•3
Figure 3*4
Figure 3*5
Figure 5 » 6
Figure 3.7
Figure 3*8
The A J.U. 20 c „ c . lithium drifted germanium 
detector is drawn to scale, the shaded part 
indicates the volume that is not depleted by 
the coaxial drift process.
The experimental set up of the Ge(Li) y-ray 
spectrometer.
The ^ C o  spectrum with optimum resolution of 
4,2 keV for the 1.333 MeV y-ray.
Comparison of the line width of the full 
energy peak of a 10.76 MeV y-ray to that of 
a I .78 MeV y-ra.y obtained in the same 
spectrum„
The ThC8* spectrum collected with SIMPUL 2048 
channels. Peak energies are from reference 
(EM 60).
The linear attenuation coefficients of 
y-rays in germanium.
Geometry of a quarter section of a 
rectangular detector (HO 63).
Calculated detector efficiencies at 2.3^ and
3.0 c m .
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Figure 3•9
Figure 5*10
Figure 5*11
Figure 5-12
Figure 5•13
Figure 3 • l4
The 662 keV y-ray spectra measured with a 
3" x 3" Nal(Tl) detector (A) and the Ge(Li) 
detector (B ).
( Cs source).
The 311 and 1274 keV y-ray spectra measured 
with a 3" x 3 ’* Nal(Tl) detector (A) and the 
Ge(Li) detector (b ).
( ^ N a  source ) .
The intrinsic full energy peak efficiency of 
the 20 c.c. Ge(Li) detector.
The intrinsic full energy peak efficiency of 
the 20 c.c. Ge(Li) detector is compared with 
those of 3" x 3" and 1^» x 2" Nal(Tl) 
crystals. The dotted line shows the 
calculated photopeak efficiency using the 
photoelectric cross section of Table 3*9* 
Ratio of double escape peak to full energy 
peak efficiency and relative double escape 
peak efficiency of y-rays of the 20 c.c. 
Ge(Li) detector.
Double escape peak efficiency of the 20 c.c. 
Ge(Li) detector. Curve A is experimentally 
obtained and curve B is calculated from the
pair production cross section.
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Figure 5*15 The distributions of the ratio of double
escape peak to full energy peak of y-rays
emitted from the 719 (crosses), 809 (dots)
and 954 (open circles) keV resonances of 
26 27Mg(p,y) A1 reaction along with the 
measured curve.
Figure ^.16 The standard y-ray line shapes of energy
I.78O, 2 .367, 4.433, 6 .129, 8 .O6O and 10.760
MeV with each normalized to have a unique
z
integrated intensity of 10 counts.
Figure 5*17 The standard y-ray line shape of energy
1.780, 2.367, 4.433, 6 .129, 8.060 and IO.76O
MeV with the full energy peaks aligned and
normalized to the same height.
Figure 5*18 The 6.129 MeV y-ray line shape using the
1^F(p,ay)1^0 resonance at 597 keV. The bump
on the low energy side of each of the three
peaks indicates that y-rays were emitted from 
1 6 0 nuclei recoiling into vacuum in the 
backward direction.
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CHAPTER VI
Al REACTION
1o Introduction 
27The Al nucleus has been widely discussed in terms
of a strong coupling collective rotational model (NI 53»
GO 60 , OP 64) and the excited core model (TH 66, EV 67a).
The collective rotational model, which explains with
2 5 2 5some success the structure of Mg, Al and other light 
nuclei in the 2s=ld shell (GO 60, B1 6o), has been 
applied to the decay scheme of Al.' Figure 6.1 shows 
the low lying level scheme taken from Ophel and 
Lawergren (OP 64) and Lawergren (LA 64). The level 
energies were taken from Van der Leun and Sheppard (VA 
67). The level sequence 0.843 MeV ( ), 1.013 MeV (^+) 
and 2.732 MeV (^+) forms a rotational band on orbit 9 of 
the Nilson model (NI 35). A rotational band with K = ^ 
based on the ground state with the 2.209 MeV level (^+) 
as the second member and the 3*000 MeV level (^+) as the 
third member was suggested by Gove (GO 60). The 
application of this model to the experimentally obtained 
transition strengths, E2/M1 mixing ratios and branching 
ratios were discussed by Ophel et al.. (OP 64) and
Figure 6.1
Decay schäme of the low-lying levels of
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Lawergren (LA 64). Satisfactory qualitative
interpretation of the experimental information is
possible but numerous exceptions exist.
The weak coupling core excited model has been
applied to heavy and medium weight nuclei and found to be
rather successful (LA 57» DE 60, DE 65a). This model
suggests that low lying levels of odd mass nuclei could
be interpreted as resulting from the coupling of a
particle or a hole to the first excited state of a doubly
even core. The theoretical calculation of the level 
27structure of Al with this model has recently been
carried out by Thankappan (TH 66) and applied by Evers
et al, (EV 67a) to compare the decay properties such as
M 1, E2 transition strengths, mixing ratios and branching
27ratios of low lying levels of Al with experimental and
27theoretical values. The nucleus Al is described as a
2 8d .^^ 2 hole in the ground state of Si. The coupling of
this hole to the quadrupole excitation L = 2 of the
surface of the core gives rise to five excited states of
angular momentum -§-+ , ^ a n d  . The observed
levels at 0.843 MeV (i+), 1.013 MeV (^+ ) , 2.209 MeV (^+ ),
2.732 MeV ) and 3 °000 MeV (^+ ) have spin and parity
as predicted by this model. The transition from strong
25 27coupling to weak coupling going from Mg to Al has
been described by Crawley et al . (CR 65) for the (p,p')
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scattering at Ep ~ 17 »5 MeV, Similar results were
obtained by Niewodniczanski (N1 64) for (d sd 1) scattering
at Ed =: 12.8 MeV and by Kokame (KO 65) for (a,a*)
scattering at E^ = 28.5 MeV. However, Van der Leun et
a l . (VA 67) from his recent experimental results of
Mg(p,Y) Al reaction indicated that the core excited
model cannot explain the decay properties of the 2.732
MeV level and the mixing ratio of the 2.980 MeV y~ray.
It also cannot explain the data of Lawergren (LA 67a) for
the ~^Mg( d ,n)^^A1 reaction. These experiments favour a.
27description of the Al level scheme in terms of the
rotational collective model. The theoretical predictions
based on different models need systematic studies to
gather adequate experimental information of level
properties. Due to the narrow separation of levels in 
27A l , the previous experimental data obtained from the
study of ~ ^ Mg( p , y )“~^A1 reaction with Nal(Tl.) detectors
are shown by Van der Leun et al. (VA 67) to yield
erroneous information as a result of the insufficient
resolution of the Nal(Tl) crystals. Systematic studies
27of Al nucleus have been carried out in this department 
(LA 62, OP 62, OP 62a, OP 63, OP 64, LA 64, OS 65). With 
the advent of the Ge(Li) detector, measurement of decay 
schemes using high resolution Ge(Li) detectors is 
necessary to identify y~rays which were not possible to
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resolve in the previous measurements with Nal(Tl) 
crystals» This is especially important if high 
efficiency Nal(Tl.) crystals are to be used in angular 
correlation measurements. The possibility exists that 
the cascade y-rays selected for the correlation 
measurement may contain other peaks hidden under the main 
peak. A prior measurement with a. Ge(Li) detector will 
allow a. more justified choice of y-rays in cascade for 
angular correlation measurement with Nal(Tl) detectors. 
The high resolution of the Ge(Li) detector provides more 
precise determinations of y~ray energies and thus of more 
precise level energies. Accurate information of these 
energies increases the reliability of decay schemes
27deduced from them. The theoretical calculation of A1 
model schemes need more correlation measurements to 
establish branching ratios and quadrupole/dipole mixing 
ratios of low-lying levels especially. Since the 
efficiency of the available Ge(Li) detectors is not large 
enough for y-y correlation measurements, Nal(Tl) 
detectors are still resorted to for such measurements. 
Additionally, the systematic survey of the resonance 
levels may extend information about the group decay 
properties of two or more neighbouring levels. This was 
reported by Van der Leun in ''Al. (VA 67) for resonance
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levels of 2293 and 2323 keV. 662 and 719 keV, and 338 and 
4^4 keV„
2.1 The spin of the 3*00 MeV level
The spin of the 3 »00 MeV level is a key property to
the success of the prediction of the core excited model
which explains better level energies of lower value with
a high spin s however, ther e still remains some
9uncertainty about the assignment of r- to this level. The 
9spin 7; has been assigned to this level by Towle and
Gilboy (TO 62) from the analysis of the differential
cross section for inelastic scattering of neutrons.
Lawergren (LA 64) measured the y-ray triple
corr elations of the cascade 3 »00-»2 .21.~>0 and showed that
9an assignment of 7; to this level was consistent with the 
measurements, but analysis for spins other than ^ was 
not attempted.
Wakatsuki et al. (WA 65b, WA 66) made a firm
7assignment of ~ from y-ray correlation measurements for 
the (psp'y) reaction leading to this level. The 3*00 
MeV level was interpreted by them as the fourth member of 
a k s I rotational, band based on the first excited level,
272. Specific problems concerning levels of Al
i.e., 0.843 MeV ( ) ,  1.013 MeV
3.000 MeV
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Sheppard e t al. (SH 67) studied the '^Mg(p,y) ^A1
reaction using a Ge(Li ) crystal as y-ray detector which
has no problem in separating the doutlet 2.980 and 3*000
MeV y- rays. The angular correlat ion measurements at
Ep L3 2323 and 2 57^ keV resonance both lead to the 
9 5assignment of ~  or “ to 3-00 MeV level. However , a.
unique solution was claimed at Ep = 1733 keV resonance
7 Q 5where the decay sequence 2 gave a. much better fit
7 5 3than that from — -♦ ^ — sequence,
ORecently Gove et al, (GO 67) reported a spin of —
or ~  for this level, from the study of ’ ^ Si (d , 'He) ~^A1
reaction using a magnetic spectrograph to resolve the
2.980 and 3*000 MeV levels, Kean et a. 1 . (KE 67) found 
5 qthat either or ~ was consistent with measurements of2 2
2 4 i> 7the ' Mg(a,py)' Al reaction using Nal(Tl) crystals in
conjunction with a double focussing magnetic spectrometer
where the doublet is adequately separated. From the
experimental evidence discussed above, assignments 
3 9ranging from — up to ^ have been assigned to 3*00 MeV 
level.
2.2 The 3.68 MeV level
The spin of this level, was first reported by Van der 
Leun et a 1 . (VA 56) to be \ from the measurement of 
angular distribution of 4.91 MeV y-ray emitted from
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Ep ■■ 339 keV resonance level, to 3*68 MeV level., Recently
Sheppard and Van der Leun (SH 67) using Ge (Li.) y-ray
spectrometer studied ~ Mg(p,y)~ A1 reaction and found a
number of resonance levels with spin -j or ~ which
de-eücite through this level5 furthermore, they found
that the level de-excites 6.5$ to 0.843 MeV (^) level and
35$ to 1.013 MeV (7;) level, They concluded that the
spin of 3,68 MeV level, is \ or r35 a definite assignment
of spin to this level , however,, was not. made 0
Osgood (OS 65) extensively studied the Ep = 721 keV
resonance, measuring the angular distributions of the
transitions from resonance to the 3° 68 MeV level and 3*68
-» 0.84 MeV level o The anisotropy of the 2.84 MeV
(3 c 68 -»0.84) y-ray was regarded as evidence that the
3,68 MeV level could not have a spin of The analysis
of angular correlation measurements of the cascade
i -» 3,68 -» 0,84 (r stands for resonance) was made with
3 3 1 3 3 1 .spin sequences of — -» — -» - and ? 2 since the spin
of the resonance level was not known. Osgood concluded
5 3 Ithat the measurements were consistent with ^ -» ~ -♦ — for 
geometries I and II, i e.s he proposed the 72.1 keV 
resonance level to have spin ~ and the 3.68 MeV level 
spin Osgood also studied the decay scheme of the
3 068 MeV level by measuring the low energy y-rays in
1.20
coincidence with 5-24 MeV (r 3 = 68) y-ray. He found only 
2» 34 MeV (r 6.6) and 2.84 MeV (3 = 68 -* 0.84) y-rays and
concluded that 3 = 68 MeV level decays at least 97$ via 
0.84 MeV level,
Wakatsuki e t a. 1 , ( WA 66) studied the decay scheme of
3.68 MeV level with (psp fy) reaction. They found the 
3*68 MeV level decays 50$ to 0.84 MeV level and 50$ to 
1,01 MeV level in contradiction to the result of Osgood, 
but in a better agreement to that of Van der Leun.
This indicates that the decay' scheme of 3*68 MeV
level obtained by Osgood is incorrect and the assignment 
3of the spin 5; to this level is possibly in error since 
the angular distribution of the 2.84 MeV (3.68 -» 0.84) 
y-ray measured by Osgood contained also the 2.67 MeV 
(3*68 -* l.Ol) y-ray. In fact, a strong y-ray from 721 
keV resonance decays to 6.16 MeV level with energy 2.80 
MeV, The coincidence spectrum failed to distinguish the 
r -* 3.68 ~*0.84 cascade from r-*6„l6 0,84 cascade due to
the fact, that 5 = 32 MeV (6,1.6 0,84) y-ray is not
resolved from 5-24 MeV y-ray (r 3*68) which was chosen 
as the energy window in the coincidence measurement. This 
fact demonstrates the importance of pre-identification of 
y-rays to guide y-y angular correlation measurements, 
Precise determinations of the energies of levels and
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y-rays will reduce the chance of mistakenly inverting the 
order of two cascading y-rays. The decay scheme of the 
719 keV resonance and the angular correlation 
measurements of the cascade r -* 6,l6 -* 0.84 and 
r -*3*68 -* 0.84 were re-studied in detail by this work.
Lawergren (LA 67a) using neutron time of flight 
technique studied the angular distribution of neutron 
groups from the ~ Mg(d,n) 'A1 reaction, and t - 0 result 
was observed to the 3*68 MeV level corresponding to a 
spin and parity of 3•68 MeV level of \+ .
2.3 The 3o96 MeV level
The decay scheme of the 3*96 MeV level was studied 
by Wakatsuki et al. (WA 66) from (p,p‘y) reaction, the
branching ratio of 4^ : 18 : 20 : 12 : 5 was reported by
them from this level decaying to the ground state (j^ + ) , 
0.843 MeV (£+ ), I.OI3 MeV (|+ ), 2.212 MeV (^+ ) and 2.732 
MeV (^ + ) states. They suggest a spin of ^ for this level.
This result is however in serious disagreement from 
that of Van der Leun and Sheppard (VA 67), who found that 
the level, decays only to the ground state. The spin of 
the level was suggested as ~ from the fact that the level 
was excited by resonance levels which of spin either
or ^ and decays only to ground state which has spin of
12 *
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Valter et al „ (VA 63) studied the decay scheme of
the 10.48 MeV resonance level corresponding to Ep = 2.293 
MeV with Nal(Tl.) detectors. The y~y triple correlation 
measurements of r -*• 3 »96 -* 0 cascade established a spin 
of — for the 3 »96 MeV level , Recent measurement with a 
Ge(Li) detector by Van der Leun et al. (VA 67)5 however,
shows that the 10.48 MeV level decays to 6.48 MeV level 
which was not identified by Valter et al., and the 3 »96 
MeV level was not excited from the decay of 10.48 MeV 
level. Again, the measurement of Valter et a1 . with 
Nal(Tl) detectors could not resolve the 3*96 MeV 
(.3.96 0) and 6.32 MeV (10.48 -♦ 3*96) y-rays from 4.00
MeV (lO.48 -> 6.48) and 6.48 MeV (6.48 -* O) y-rays.
The Mg(d„n) 'Al reaction of Lawergren (LA 67a) 
seems to indicate the spin and parity of this state is
7- 
2 *
2.4 The 4.4l MeV level
The decay scheme of the 4.4l MeV level was studied 
by Metzger (ME 63), Van der Leun (VA 67) and recently by 
Spear (SP 67)» All works indicated that the level decays 
directly to the ground state and through 1.01 MeV level. 
However, the intensity of the transition 4.4l -* 2.21 (-jj+ ) 
was very different between their results, 11$ by Metzger, 
23$ by Van der Leun and less than 3$ by Spear. Metzger
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also measured the angular distributions of the 4.4l MeV
( 4.4l -* 0 ) and the 3-4o MeV ( 4.4l -♦ 1 . 01) y-rays , the
results being consistent with the assignment of ^ to
4.4l MeV level., Sheppard and Van der Leun (SH 67)
5suggested the spin to be — from the combined evidence 
that the level is excited by decay of resonance levels of
3 5 7spins or — and that the decay of this level, proceeds
3 5 7via — , ^ and - states. However, Lawergren1s 
~ Mg(d,n) *A1 results suggest that the spin and parity of 
this level is — (LA 67a) e
3. Experimental Methods
All investigations of Mg(p,y) 'Al. resonance levels 
were carried out using the proton beam of the A.N.U.
2 MeV Van de Graaff accelerator, The proton beam was 
analyzed by a. 25° magnet with an energy stability of 
+_ 1 keV. The low detector efficiency of Ge(Li) crystal 
required beam currents greater than 15 |ia for a 
reasonable running time for each spectrum collected. 
Depending on the yield of the reaction at different 
proton energies, spectra were obtained in periods 
ranging from three to five hours.
2 6The targets were prepared by evaporating A MgO from 
a tantalum strip in vacuo onto copper. The heat process 
reduces the oxide, hence liberating the magnesium. The
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MgO, supplied by A 0E„R.E0, Harwell, England, was 
enriched to contain >98$» of  ^ Mg. Targets prepared in 
this way were usually about 5 keV thick at 1 MeV proton 
energy. The copper backings, sand blasted beforehand to 
remove any contaminants, had a thickness of about 2 mm 
and were designed to screw onto a water-cooled target 
holder. The target holder was surrounded by a liquid air 
trap to prevent deposits of carbon on the target. The 
method was used previously by Bashkin and Ophel (BA 6l). 
The water cooled target allowed bombardment of the 
target with greater beam currents (up to 30 W) without 
deterioration. The target chamber was cylindrical in 
shape and made of brass. A glass window on the chamber 
wall at 90° to the beam direction facilitated optical 
alignment.
The Ge(Li) y-ray spectrometer as described in 
Chapter V was used for all of the measurements. The 
resonance spectra were obtained at 2.54 cm from the 
target and at 9 = 55° with respect to the proton beam 
thus averaging out any dipole angular distribution effect. 
The decay scheme for each resonance level was 
investigated firstly; the angular distributions of 
cascade y-rays were then measured after all y-rays in the 
single spectrum had been identified. Though no serious 
effort was put into establishing level energies with high
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precision, internal consistency was obtained between 
cascade y-ray energies. In fact a number of levels were 
established more accurately than previous measurements.
In the early stage of investigation before the 4096 
channel analyzer provided by the SIMPUL system was 
available, spectra were collected with an RCL-512 pulse 
height analyzer. Due to the limited number of channels 
available, some portions of spectra were remeasured with 
expanded gain by a biased amplifier and it was found also 
necessary to perform some coincidence measurements between 
a 5" x 4 ” Nal(Tl) crystal and the Ge(Li) detector. The 
results of these measurements however agree with the 
corresponding single spectra recorded with 2048 channels, 
demonstrating the fact that a high resolution Ge(Li) 
detector combined with a multichannel analyzer which 
provides enough channels with respect to the resolution 
required can eliminate most if not all of the coincidence 
measurements usually necessary to achieve identification 
of y-rays.
Initially, the angular distributions were measured 
at six equal intervals of cos^'9 = 0.0(0°), 0.2 (63.45°) ,
0.4 (50.75°), 0.6 (39.25°), 0.8 (26.55°) and 1.0 (90°).
Since no appreciable terms were observed at any of the 
resonance levels studied, measurements were reduced to 
0°, 45° and 90°, and sometimes only at 0° and 90°. The
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alignment of detector assembly with respect to beam spot 
on the target was checked by measuring at different 
angles the isotropic 8.07 MeV (r -* 1.01.) y-ray from the 
839 keV resonance level (OP 62). Any deviations from 
isotropy were used to correct subsequent measurements.
To check the stability of beam energy which might 
occasionally drift from the resonance energy, a 5” x 4M 
Nal(Tl) crystal fixed at 90° to the beam was used as a 
monitor throughout the angular distribution measurements. 
In general, the monitor count and the yield/integrated 
charge agreed to within +_ 3^» The angular distributions 
were analyzed in terms of Legendre Polynomials^
W( 0) ~ 1 + a^P^(cos 0)
with the coefficient a^-A^Q^, where A ? is the theoretical 
coefficient and is the attenuation factor due to the
finite size of the detector. Where the measurements were 
made at more than two angles, the value of a^ was 
obtained by the method of least squares as described by 
Ferguson (FE 63).
Theoretical calculations of angular distributions
for various spin sequences were carried out using tables
of Sharp et a l . (SH 54), and are listed in Table 6.1.
2 6  TT +The target Mg has J - 0 , simplifies the analysis of 
angular distribution since a unique £ value and channel 
spin is associated with each possible resonance spin.
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Table 6.1
Theoretical angular distributions for gamma radiation emitted in 
transitions between states of definite spin. Compound state (J~|) 
formed by capture of p-wave and d-wave protons with entrance spinT T2 Case (a) first radiation (Jr*J2) observed*. Case (b) first 
radiation unobserved, second radiation (J2~hJ3) observed.
J 1J2J3 Angular Distribution
(a) 3  ^
A
2 2
W(0)=PQ-
B M  ' 2 2 W(0)=Po+
r 3+5 
’ 2 2 W(6)=Pq-
D. I-i 2 2 W(6)=P0-
E ^  2 2 W(0)=PQ+
F 5-*7. 2 2 W(0)=PQ-
(k^3 i  i  
n 2.->2b ’ 2 2*2 w (0)=p o
3 1 3TJ — -+— T+—
' 2 2 2 W(0)=PQ
3 3 1T d-hPrd.
2 2 2 W(6)=P0-
T 3+3+3 
’ 2 2 2 W(0)=PQ+
3 5 3 
' 2 2 2 W(0)=PO-
L 5+5+3 
* 2 2 2 W(6)=P0-
0.5 - 1.732X - 0.5X" TT~x2
0,4 + 1.55X„~TT~x2 *2
0.1 + 1.184X + 0.357X'
m e 2
0.4 - 2.03X - 0.204X' l + x2 ■P2 +
0.653X d .
1 + X2^4
0.457 + 1.084X - 0.204X
T T Y 2
0.143 + 1.484X + 0.347X' 1 + x2
-P„ -
-P„ +
0.367X'„
1 + X2 *4
0.109X2
2 1 + X2 4
(0.1-0.3t)+(0.346-1.04t)X-(0.1-0.3t)X(i + xz) (i + t) :
(1 + X2)(1 + t) 2
(0.28-0.04t)+(l.42-0.203t)X-(0.143-0.02t)X2
(1 + X2)(l + t) 2
(0.263+0o04t)+(l.333+0.203t)X-(0.134+0.0204t)X^
(1 + X2)(l + t)
(0.093+0.3265t)X2 
(1+X2)(1+t)
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Transitions with AJ^3 were ignored throughout. In Table 
6.1, X is the mixing ratio (quadrupole/dipole) of the 
observed y-ray and t is that of the unobserved y-ray.
4. The 662 keV resonance (Ex = 8.908 MeV)
The decay scheme of the 662 keV resonance level was 
previously studied by Van der Leun et a l . (VA 56 ) and
Ophel. et a l . (OP 62a.) with Nal(Tl) detectors. Both
groups assigned the most intense y-rays with energies of 
5.25 and 2.80 MeV to the cascade r -* 3-68 (5*23 MeV) and 
3.68 -» 0.84 (2.84 MeV). The improved resolution of 
Ge(Li) detectors enabled the present work and that of Van 
der Leun et a l . (VA 67) to identify 2.80 and 3*25 MeV 
y-rays with the cascade r -* 6 .I60 (2.748 MeV) and 
6.160 - 0.843 (5.317 MeV).
Figure 6.2 shows the spectrum and the decay scheme 
obtained from the present work and Table 6.2 lists the 
y-rays observed with the results of Van der Leun et a l . 
listed in column 5 for comparison. In general the 
agreement is excellent.
The slight discrepancy in the intensity of the 
cascade r -* 6 .I6O, 36$» as compared to 43$> of Van der 
Leun, occurred also at 719 keV resonance level in which 
the intensity of the cascade r -* 6.I6O was 3^$ from the 
present work while that of Van der Leun was 4l^. Since
Figure 6.2
Resonance spectrum and decay scheme of the 
662 keV resonance. Circles are data and the 
least squares line shape fit is the solid
“13NNVH0 U3d SINnOO
5
G
A
M
M
A
 R
AY
 E
N
E
R
G
Y
-
129
Table 6.2
Gamma-rays observed at 662 keV resonance
Ey(MeV) Interpretation Relative
intensity
Branching 
ratio 
(re sonance 
level)
(VA 67) 
%
0.843 0.843 - 0 . 77
1 .013 1.013 -» 0 . 100
2 .093 8.908 - 6.813 6 3 2
2.302 8.908 - 6.606 4 2 -
2.7^8 8.908 - 6 .I6O 81 36 43
2.771 3.751 - 2.980 2
2.826 8.908 - 6.082 4 2 3
2.980 2.980 0 . 5
3.157 8.908 - 5.751 7 3 2
3.212 4.035 - 0.843 4
3.428 6.160 - 2.732 4
3.956 3.956 - 0 . 5
4.853 8.908 - 4.055 4 2 1
4 .908 3.751 - 0.843 4
4.952 8.908 - 3.956 4 2 2
5.147 6.160 - 1.013 11
5.317 6.160 - 0.843 62
5.763 6.606 -» 0 .843 3
5.802 6.813 - 1.013 4
6.082 6.082 - 0. 4
6.129 19f (p ,ay)1 6o 20
6.160 6.160 - 0 . 5
7.895 8.908 - 1.013 102 43 42
8.065 8.908 - 0.843 12 5 5
the relative intensities of the present work were deduced 
from intrinsic full energy peak efficiencies as well as 
line shape analysis and the measurements made at 35° 
rather than 43° as chosen by Van der Leun et a l . (VA 67), 
more accurate results are expected from the present work.
130
The cascade r 6.606 (2.302 MeV) was not reported by
Van der Leun et al. The observed peak at 2.302 MeV was
further supported by the existence of 5 »763 MeV y-ray
from the cascade 6„6o6 -* 0.843 which accounts 75^ of the
decay of the 6.606 MeV level (VA 67).
The decay of the 5*751 MeV level has not been
reported previously. The decay of this level to the
0.843 and 2.980 MeV levels is consistent with the
measurement at the 954 keV resonance in which the 5*751
MeV level was rather strongly excited enabling the
observation of the cascade 5*751 -* 1,013 as well.
The spin of the 6.082 MeV level so far has not been
proposed. The observation of the 6.082 MeV (6.082 O)
3y-ray suggests the spin of the level is — , since the
1level was excited by the resonance level with spin —
(EN 62) and decays to the ground state (^) • The 
existence of the cascade 6.082 0 was also observed at
839 keV resonance which also has a spin of — (OP 62).
5* The 719 keV resonance (E = 8.963 MeV)
5*1 Decay scheme of the 719 keV resonance level
The decay scheme of the 719 keV resonance was 
measured previously by Van der Leun (VA 56), Ophel and 
Lawergren (OP 62) and Osgood (OS 65) using Nal(Tl) 
crystals as y-ray detectors. Each measurement failed to
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resolve the y-rays from the transitions r -* 6.16 (2.80
MeV) and 3.68 - 1.01 (2.67 MeV) from the 2.84 MeV
(3.68 -* 0.84) y-ray. Another feature of the previous
measurements was the transition from the resonance to the
2.21 MeV {— ) level, reported as 28^ » and 16^ of the total
decay by Van der Leun and Ophel and Lawergren
respectively. Osgood succeeded in finding an alternate
explanation of the cascade r -*2.21 -♦ 0 in terms of a
cascade r -*6.6 -* 0, however, the coicidence measurement
of the unresolved 2.84 MeV y-ray led him to the incorrect
5 3assignments of spin ^ and ~  for the resonance level and 
3.68 MeV level respectively. During the present 
investigation. Van der Leun (VA 67) published the decay 
scheme of this 719 keV resonance, the two results agree 
within experimental errors. However, the cascade 
r -* 7 • 00 MeV (3%  by Van der Leun) was not observed in 
this work.
Osgood had studied the 719 keV resonance (he 
reported as 721 keV) in great detail by measuring but not 
interpreting correctly a number of coicidence spectra 
(Figure 6.3 )» which are in good agreement with the decay 
scheme of present work. The y-ray spectrum in 
coincidence with 0.84 MeV y-ray has prominent 5*3 and 2.8 
MeV y-rays, supporting the cascades r -» 6.l6 (2.80 MeV),
Figure 6.3
The y-ray spectra observed in coincidence 
with the energy intervals shown at the 719 keV 
resonance. All spectra collected for 10 
monitor counts (OS 65).
Q 1 3IÄ  3A liV ~ )3 ä
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6.16 - 0.84 (5-32 MeV), r - 3-68 (5.28 MeV) , 3.68 - 0.84 
(2.84 MeV).
The Y'-ray spectrum in coincidence with 1.01 MeV 
y-ray indicates y-r ays at 1.7? 2.3? 2.7» 2 .8 , 3-4, 3*8? 
4.2, 5*3? 5.65 6.2 MeV, in agreement with the decay of 
r - 2.73 (6.23 MeV), 2 „73 - 1.01 (1.72 MeV) , r - 3.68 
(5.28 MeV) , 3.68 - 1.01 (2.67 MeV) , r - 6.I6 (2.80 MeV) ,
6 .16 - 2.73 (3.43 MeV), 6.I6 - 1.01 (5.15 MeV), r - 6.65
(2.31 MeV), 6.65 - 1.01 (5.64 MeV), r - 4.81 (4.15 MeV) ,
4.81 - 1.01 (3 .8O MeV).
The y-ray spectrum in coincidence with Y"raYs 
between 2.8-4.2 MeV region, has prominent peaks at 0.84 
and 1.01 MeV and is in accord with the present decay 
scheme. The prominent peaks at 2.7, 4.2, 5*3 and 6.0 MeV 
are consistent with the cascades r — 6.1.6 (2.80 MeV),
6.16 - 1.01 (5.15 MeV) . 6.16 - 0 (6.I6 MeV) , r -*3-68 
(5.28 MeV), 3.68 - 0.84 (2.84 MeV), 3.68 - 1.01 (2.67 
MeV), r - 4 . 8 1  (4.15 MeV) , 4.81 -1.01 (3 .80 MeV),
r - 5 . 2 4  (3.72 MeV), 5.24 - 1.01 (4.24 MeV).
Likewise, the spectrum in coincidence with Y~rays 
above 4.6 MeV has prominent peaks at 0.84, 1.01 and 2.3 
MeV, the latter resulting from the transition of r — 6.65 
(2.31 MeV) , 6.65 - 0 (6.65 MeV).
Figure 6.4 shows the 719 keV resonance measured at 
55° 5 the circles are data, and the least squares line
Figure 6.4
Resonance spectrum and decay scheme of the 719 
keV resonance. Circles are data and the least 
squares line shape fit is the solid line.
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shape fit is the solid line. Table 6.3 lists the relative 
intensities of y-rays and the branching ratio of the
resonance level. The result of Van der Leun et al. is 
listed in colum 5 for comparison with the present work.
Table 6.3
Gamma rays observed at the 719 keV resonance
Ey(MeV) Interpretation Relativeintensity
Branching 
ratio io 
(resonance 
level)
(VA 67) 
*
0.843 0.843 - 0. 100
1.013 1.013 - 0. 54
1.720 2.732 - I.OI3 9
2.314 8.963 - 6.653 30 l4 l4
2.360 8.963 6.606 9 4 4
2.598 4.812 - 2.209 2
2.668 3.678 - I.013 18
2.80 6 8.963 - 6.160 75 34 4l
2.839 3.678 -* 0.843 30
2.984 2.980 - 0. 27
3.037 5.246 - 2.209 3
3.427 6.160 - 2.732 6
3.718 8.963 -* 5-246 9 4 2
3.956 3.956 - 0. 7
4.151 8.963 -» 4.812 9 4 3
4.233 5.245 - 1.013 8
4.812 4.812 - 0. 4
5.007 8.963 - 3.956 4 2 1
5.148 6.160 - 1.013 8
5-287 8.963 - 3.678 53 24 20
5.319 6.160 - 0.843 60
5.64o 6.653 - 1.013 4
5.765 6.606 -* 0.843 5
5.984 8.963 - 2.980 25 11 10
6.160 6.160 - 0. 8
6.129 ,9F(p,ay),60 30
6.232 8.963 “* 2.732 2 1 1
6.606 6.606 -* 0. 1
6.653 6.653 -* 0. 33
8.115 8.963 - 0.843 4 2 1
- (8.963 -» 7.000) — - 3
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5.2 Angular correlation measurements at the 719 keV 
res onance
The 719 keV resonance level decays 34$> to the 6.l6 
MeV level, 24$> to the 3*68 MeV level enabling 
determinations of the spins of the resonance 
level, the 6.16 MeV level and the 3*68 MeV level. 
Preliminary measurements at six angles found no 
appreciable terms, consequently spectra were measured 
at 0° and 90°. Table 6.4 summarizes the results (which 
assumed no P^ terms).
Table 6.4
E y(MeV) Interpretation A2
0.843 0.843 - 0 0.00 + 0,01
1.013 1.013 - 0 0.03 + 0.022.665 3.678 - 1.013 0.00 + 0.13
2.803 r -» 6 .160 0.34 + 0.05
2.835 3.678 - 0.843 0.00 + 0.06
5.285 r - 3.678 -0.38 + 0.03
5.317
5.285+5.317 
2.665+2.803+2.835
6.160 - 0.843 -0.11 + 0.03 
-0.23 + 0.03
0.21 + 0.04
The isotropic distribution obtained for the 0.843 
MeV y-ray shows that the geometrical arrangement of the 
detector and target is consistent at both angles.
The isotropic distributions of both the 2.665 MeV 
(3.678 - 1.013) and 2.835 MeV (3.678 - 0.843) y-rays and 
the pure dipole transition (^ -> — ) of the 5*285 MeV
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(r “* 3.678) Y-ray are consistent with decay sequences of
\ \ 2 (for 2 °665 MeV) and ~ ~  ~  (for 2.835 MeV).
(See Table 6.1, G & H). The pure dipole nature of the
5.285 MeV y-ray was deduced from Figure 6.5, by assuming
3 1that the resonance level has a spin — and decay to —
state with mixing ratio X, The experimental value of the
anisotropy = -0=38 + 0.03 determines that the value of
X^O. The isotropic nature of both the 2.665 MeV and
2.835 MeV y-rays was further confirmed in the study of
954 keV resonance level which decays 16^ to 3.678 MeV
level. These are considered conclusive evidence that the
3.678 MeV level has J ^ \  in agreement with the
assignment of Lawergren (LA 67a).
The assumption that the 719 keV resonance has spin
3
—  is consistent with the decay scheme; only states with
1 3 5spin of — , — and ~ are found excited by de-excitation of 
this level„ This assignment agrees with previous 
suggestions (VA 67).
The analysis of the spin of the 6.16 MeV level was
3based on the resonance level, having a definite J = ^ .
The fact that the 6.I6 MeV level is strongly excited at 
662 keV resonance (-§-), limits the spin of this state to
— > or ^ f r o m  the criterion that for A J = 2, the
transition strength is < 2^ (VA 67). The first y-ray 
2.803 MeV in the cascade r -* 6.I6O 0.843 was analyzed
Figure 6.5
Plot of the coefficient of P^(cos 0) term 
versus arctangent of X, the quadrupole/dipole
Omixing ratio, for the transition — -* \ (Table
6.1,A).
Figure 6.6
Plot of the coefficient of P^(cos 9) term 
versus arctangent of X, the quadrupole/dipole 
mixing ratio, for the transition §  - \  (Table 
6.1,B).
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Fi^ure 6 .7
The contour plot of the coefficient of P (cos 9)
3 3 1 ^term for the spin sequence — -♦ —  -* —  with first 
y-ray unobserved (Table 6.1 i). The hatched 
area indicates the possible region determined by 
the experimental value.
ARCTAN t
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3 3for the spin sequence of —  , since the anisotropic
distribution of the second y-ray of energy 3*317 MeV
(6.16 _+ 0.843) shows that the spin of the 6.l6 MeV level
is not Figure 6.6 shows the plot of mixing ratio X vs
. The experimental, value = 0.34 ±  0.03, again
corresponds to a value of X«0, i.e. , the 2.803 MeV y-ray
is a pure dipole transition.
The contour plot of the second y-ray (3*317 MeV) is
shown in Figure 6.7, assuming the spin sequence of 
3 3 12 2 ~  with first y-ray not observed. The
experimental value of A^ = -0.11 _+ 0.03 defines three 
possible regions (shown as hatched areas). One of these 
regions corresponds to both members of the cascade being 
pure dipole. One can conclude with fair certainty that
3the spin of the 6.l60 MeV level is — . This assignment
3supports the tentative assignment of — by Sheppard et al.
(SH 67) based only on intensity arguments.
As mentioned by Van der Leun et al. (VA 67), the 
6.I6O MeV level is excited strongly only at 662 keV and 
719 keV resonances. Since the spin of the 662 keV 
resonance level is the information obtainable from
angular correlation measurements is severely limited 
because the y-ray distributions are isotropic. The 719 
keV resonance level with spin ^ is suitable for the study 
of angular correlation but the preeence of y-rays with
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energies 2.665, 2.803 and 2.835 MeV means that the use of 
high resolution Ge(Li) detector is necessary. In 
consequence, more detailed correlation work was not 
considered practicable.
It is interesting to compare the results of Osgood 
(OS 65) with the present work, Osgood measured the 
angular distribution of the 5-28 MeV (r 3*68) y-ray 
which in fact contained also the 5.32 MeV y-ray from the 
transition 6.1.6 MeV level to 0.84 MeV level, and obtained 
the value A ~ ~0„22 + 0 .05, this is in agreement with 
the angular distribution of the sum of 5*285 an(i 5*317 
MeV y-ray (Row 8, Table 6.4) obtained from this work.
Also the angular distribution of the 2.84 MeV (3.68 -* 
0.84) y~ray was found to be not isotropic A^ = 0.22 + _  
0.01; in fact the 2.84 MeV y-ray also contained 2.80 MeV 
(r -* 6.l6) and 2,67 MeV (3*68 - * 1.01 ) y-rays. His value 
of A^ is also in agreement with that of the sum of 2.665, 
2.803 and 2.835 MeV y-rays of this work (Row 9, Table 
6.4), providing confirmation of the present measurements.
6. The 809 keV resonance (Ex = 9*052 MeV)
6.1 Decay scheme of the 809 keV resonance
The decay scheme of the 8O9 keV resonance level was 
previously studied with Nal(Tl) detectors by Ophel et al. 
(OP 62) and the spin determined as ~ from the analysis of
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double and triple correlation measurements of the 
cascades r -* 0, r -» 1.013 and r “♦ 2.732.
The resonance spectrum and the decay scheme of the 
present work is shown in Figure 6.8. The relative 
intensities of y-rays were deduced from line shape 
analysis and peak intensities. Circles are the data and 
least squares line shape fit is the solid line. Table 
6.5 summarizes the y-rays observed at the 809 keV 
resonance with the results of Ophel et al. in column 5* 
The transition r -» 4.4lO, which was not previously 
reported (OP 62), was excited rather strongly (8^) 
enabling further study of the decay scheme of the 4„4lO 
MeV level.
6.2 Decay scheme of the 4.4lO MeV level
The discrepancy observed in the decay scheme of the 
4.410 MeV level between Metzger (ME 65), Van der Leun 
(VA 67) and Spear (SP 67) was discussed in section 2.4 
of this chapter.
The present measurement found that 4.4lO MeV level 
decays 67$> to the ground state and 33^ to the 1.013 MeV 
state with no positive evidence for the transition 4.4lO 
-* 2.209 MeV state. Since the decay of the resonance 
level to the 2.209 and 2.732 MeV levels is strong, the 
first escape peak of the 2.732 MeV (2.732 “♦ O) y-ray with
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energy 2.221 MeV is closely adjacent to the 2.201 MeV 
(4.410 - 2.209) and 2.209 MeV (2.209 - 0) peaks. The 
original decay scheme, which was deduced from a spectrum 
contained in 2048 channels, was re-measured with 4096 
channels in order to investigate the possible y-ray at 
2.201 MeV. Indeed no y-ray of this energy was observed. 
It was felt that an upper limit of 5^ on this transition 
could be made, in agreement with the result of Spear. 
Since Van der Leun also used a Ge(Li) y-ray spectrometer 
for studying ^ M g ( p ,y)^^A1 reaction, his claim of 25^ 
cascade from the 4.4lO MeV level to the 2.209 MeV level 
might have been distorted by the first escape peak of the 
2.732 MeV y-ray although it would seem that the energy 
difference is sufficient to avoid mis-interpretation.
6.3 Angular correlation measurements at the 809 keV
resonance
The results of the measurements at three angles 0°, 
45° and 90° to the beam direction are summarized in 
Table 6 .6 . The angular distributions of the cascades 
r -* 0, r -* 1.013 and r -* 2.732 of the Nal(Tl) results 
are from the reference (OP 62).
l4o
Table 6.5
Gamma-rays observed at the 809 keV resonance
E (MeV) Interpret ation Relalive intensity
Branching
ratio
(resonance 
level)
OP 62
0.843 0.843 - 0. 6.0
1.013 1.013 - 0. I50.
1.720 2.732 - 1.013 52.0
1.822 9.052 - 7.230 1.5 <1
2.057 9.052 - 6.997 1.2 <1
2.211 2.209 -- 0, 20.0
2.587 6.997 -* 4.4io 1.0
2.732 2.732 - 0. 14.0
2.982 2.980 -» 0. 5.6
3.396 4.4io 1.013 8.0
3.501 9.052 - 5.551 2.7 1
3.8o4 9.052 - 5*246 13.2 4 } 3
3.957 3.956 -» 0. 6.8
4.236 5.246 - 1.013 11.4
4.4ll 4.4io - 0. 18.0
4.471 9.052 - 4.581 2.9 1
4.58I 4.581 - 0. 2.1
4.643 9.052 - 4.4io 26.0 8
5.021 7.230 -» 2.209 1.7
5.099 9.052 - 3.956 8.0 2
5.551 5.551 - 0. 0.9
6.070 9.052 - 2.980 4.4 1
6.319 9.052 - 2.732 72.0 21 21
6.840 9.O52 - 2.209 7.2 2 2
8 . o4o 9.052 - I.OI3 100. 29 36
9.053 9.052 -* 0. 100. 29 36
Table 6.6
E (MeV) Interpretation a^ : Ge(Li) A 2 : Nal(Tl)
9.052 
8.039 
6.320 
4.642 
3.806
4.233
r - 0.
r - 1.013 
r - 2.732 
r - 4.410 
r 5*246
5.246 - 1.013
0.25 + 0.0.02 
-0.39 + 0.05 
-O.I9 + 0.02 
-0.20 + 0.02 
0.37 + 0.02 
-0.20 + 0.05
0.26 + 0.02 
-0.37 + 0.03 
-O.32 + 0.06
The observed coefficients a.^  (a^ = A qQ^) of the 
Ge(Li) data for the two strongest cascades r 0 and 
r -*1.013 are within experimental errors of the corrected 
values of the coefficients of the corresponding 
Nal(Tl) data. This fact indicates that the angular 
correlation attenuation factor is approximately equal 
to unity. The calculation of the value under various 
assumptions discussed in previous chapter shows is of 
the order of 0.84, the corrections were actually not made 
to obtain the value of A . This applies to the angular 
distributions measured at the 719 and 95^ keV resonances.
The anisotropy for the cascade r -+ 1.013 corresponds 
to a pure dipole transition (Table 6.1, D), however, 
significant quadrupole and dipole mixings were observed 
for the cascades r -* 0 (X = -0.18) and r 2.732 (X = 
-0*59)* This is a feature different from the decay 
observed at the 719 and 954 keV resonances in which 
strong transitions from the resonance level are of a pure 
dipole nature.
The spin of the 4.4lO MeV level was assigned by 
Metzger (ME 65) and Sheppard et al. (SH 67) as and by
Lawergren (LA 67a) as The present analysis of the
angular distribution of the 4.642 MeV (r -* 4.4l0) y-ray
5 3 5 5 5for the spin sequences p" 2 ’ 2 2 anc* ? shows
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quadrupole and dipole mixing ratios of values 0.10, -0.60
and -0.04 is required respectively for the observed
7anisotropy of A,. = -0.20. The assignment of J = — can be 
excluded from the argument that the 4.4lO MeV decays
Ostrongly to 1.01.3 MeV level ( — ) since AJ = 2 is very
3unlikely. The assignment of J = ~ is most probable as
this will give the transition r -* 4.4lO a near dipole
nature (X = 0.10), however, from the strong mixing of
quadrupole and dipole radiations evidenced at the 809 keV
5resonance, the assignment of J = — is also possible 
(X = -0.60). The assignment of J = ~ to the 4.4lO MeV 
level is consistent with the observed cascades 4.4lO -» 0 
-» and 4.4l0 1.013 (-~ ”* and no cascade of
4.4l0 -* 2.209 “* . Thus the present work favours an
oassignment of J = ~ to the 4.4lO MeV level; the decay
scheme of the 4.4lO MeV level derived by Metzger and
Sheppard et a l . is in error and the disputed cascade
5essentially determined the assignment of J = — made by 
them.
The spin of the 5*246 MeV level was tentatively 
proposed by Sheppard et a l . (SH 67) to be — . The present
analysis of the anisotropies observed for the cascade 
r - 5*246 (X =-0.08) and 5.246 - 1.013 (X = -0.04) is
cr t qconsistent with the spin sequence of (Table
6.1, E and L ).
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7. The 839 keV resonance (Ex = 9.081 MeV)
The decay scheme of the 839 keV resonance level was 
previously studied by Ophel and Lawergren (OP 62) with 
Nal(Tl) detectors. The relatively simple spectrum at 
this resonance enabled the accurate measurement of the 
y-rays with Nal(Tl) detectors. The spin of the resonance 
level was deduced to be \ from the isotropic 
distributions of y-rays from the cascades r -* 1.013
(2 2^  and r 3 *68 (2 2") *
Table 6.7 lists the y-rays observed at this resonance
by the present study with a Ge(Li) detector. Column 4
lists the branching ratio of cascades from the resonance
level and column 5 lists the result of Ophel et al. The
agreement between the two results is excellent. The
y-rays of weak intensity which were not identified by
Ophel et al ., however, were assigned by the present work.
The presence of the cascades r -» 5*751 and r -* 5*828
suggests the spin of the 5*751 and 5*828 MeV levels to 
1 3either — or — . The discussion of the spins of these 
levels is given in the study of the 954 keV resonance.
The decay to the ground state from the 6.082 MeV 
level is consistent with the observation at the 662 keV 
resonance, where the spin of the 6.082 MeV was proposed
Figure 6.9
Resonance spectrum and decay scheme of the 839 
keV resonance. Circles are data and least 
squares line shape fit is the solid line.
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Figure 6 9 shows the resonance spectra and the decay 
scheme of the 839 keV resonance level. The peak observed 
at 1.71-9 MeV is due to contamination from 809 keV 
resonance which is also apparent from the presence of the 
ground state transition of the appropriate energy. The 
error introduced from the 809 key resonance is 
insignificant.
Table 6.7
Gamma-rays observed at the 839 keV resonance
E^fMeV) In t e rpr etation Relative intensity
Branching 
ratio %
(resonance 
level)
OP 62
0.843 0.843 -* 0. 31
1.013 1.013 - 0. 100
2.664 3.678 - 1.013 9
2.835 3.678 - 0.843 13
2.981 2.980 - 0. 10
2.998 9.081 6.082 3 2 -
3 • 212 4.055 - 0.. 843 2
3.250 9.081 -» 5.828 1 1 -
3.331 9.081 - 5.751 2 1 -
3.956 3.956 - 0. 2
5.026 9.081 -* 4.055 2 1 -
5.124 9-081 - 3.956 1 1 -
5.4o 2 9.081 - 3.678 22 l4 13
6.082 6.082 ^ 0. 2
6.101 9 0 081 - 2.980 10 6 6
6.129 19f (p .ay)'60 2
8.066 9 0 081 -* I.013 103 64 71
8.237 9.081 - 0.843 16 10 7
others 3
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8. The 954 keV resonance (E = 9*191 MeV)
8.1 The decay scheme of the 934 keV resonance
A previous study of the decay scheme of this 
resonance level was reported by Ophel and Lawergren 
(OP 62) from measurements with Nal(Tl.) detectors. The 
recent work by Van der Leun et a1 . (VA 67 ) who used a
Ge(Li) y-ray spectrometer to study thirty Mg(p,y) *A1 
resonances between Ep = 0.3 - 2.8 MeV did not include 
this resonance. The y-ray studies of Ophel et al. 
interpreted the 4.73 MeV and 3•4l MeV y-rays as 
transitions r -♦ 4.4l (4.78 MeV) and 4.4l -* 1.01 (3*40 
MeV); however, the present work re-assigns these y-rays 
as transitions 3*828 -* 1.013 (4.813 MeV) and r -* 3*828 
(3*383 MeV) and r - * 3*731 (3*440 MeV) respectively.
The doublet at 3*731 MeV and 3.821 MeV is of 
considerable interest, if one searches through the decay 
scheme of the 30 resonances studied by Van der Leun et al. 
the 3*731 MeV level was excited only once at 662 keV 
resonance with intensity of 2$, while the 3*821 MeV level 
was not excited at all. The existence of the doublet has 
been confirmed by'^Browne e t al. (BR 34, BR 39) from the
studies of ^ A l ( p , p ’) and ^ S i  (d , a) ^ A 1  reactions with 
high resolution magnetic spectrograph to have level 
energies at 3*743 MeV and 3*820 MeV. The measurement of 
y-ray energy by Van der Leun et a l . with Ge(Li) detector
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gave more accurate level energy of 5-751 MeV to the lower 
level and the present work found 5-828 MeV for upper 
level energy which was self consistent with the cascade 
y-rays decaying through this level,, The doublet was 
excited fairly strongly at 954 keV resonance^ each member 
with the same intensity of 9%.
Figure 6-10 shows the resonance spectrum and the
decay scheme, the solid line is the fit from line shape
analysis and the circles are the experimental data
recorded in 20-48 channels. By examining the fit at each
peak, it is obvious that the experimental data, had a
better resolution than the line shapes, this phenomenon
severely affects the Chi-square test of the fit, however,
the intensities deduced for y-rays, except for very weak
transitions, were not affected. The accuracy of the
intensity so obtained could be checked by comparing the
intensity of the y-ray decaying from the resonance level
to a low lying level and the sum of intensities of y-rays
decaying from this low lying level. In general total
intensities were conserved to within experimental errors
of 10 - 1.5# fox cascade y-rays in decaying to all low
lying levels from the resonance level. In fact, in the
first attempt to fit the experimental, data, the standard
line shape with 4.4,33 MeV y-ray obtained from 
15 1PN (p , ay) ' C reaction was used. Due to the (X-particle
Figure 6 .10
Resonance spectrum and decay scheme of the 95^ 
keV resonance. Circles are data and the least 
squares line shape fit is the solid line.
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recoil, the peaks of the line shape were Doppler 
broadened and the low energy y-rays interpolated from the 
4.433 MeV y-ray line shape considerably broadened. The 
line shape of the 4.433 MeV y-ray was re-measured using
11 1 pB(p,y) C reaction providing better resolution,
however, the intensities obtained from the two different
fits were not significantly different. This is due to
the fact that peaks amount to only a small portion of the
total line shape in the spectrum thus the total intensity
of a y-ray is defined more by the Compton distributions.
Discrepancies of the fit at the high energy end are
mainly due to the non-linearity of the analyzing system.
A parabolic fit to energy calibration (E = ax + bx + c)
was used for all energy assignments but, for fitting,
intermediate y-ray line shapes were interpolated with the
gain and zero (b and c) of the experimental spectrum.
The coefficient !a' which has the value of the order of
-4 -  510 ~10 was ignored. This effect shows up at high
2energy end of the spectrum due to x term, and was 
common to all the spectra, fitted.
A. number of y-rays of small intensity were not 
included in the fit. The identification of these y-rays 
were not very certain, the energy is marked on those 
peaks which most strongly support the identification.
The y-rays in this category ares 2. .585 MeV (9*191 6.606),
l48
3-956 MeV (3.956 - 0), 4.738 MeV (5-751 - 1.013), 5-235 
MeV (9.191 - 3 . 956), 5.763 MeV (6.606 - 0.843) and 5.831 
MeV (5.828 -♦ 0). The three peaks for 2.585 MeV y-ray 
seems to support the transition r -* 6 .606, however, the 
second escape peak of the 5*763 MeV (6.606 0.843) Y-ray
at 4.74i MeV is difficult to distinguish from 4.738 MeV 
(5.751 I.OI3 ) Y-ray. The transition 6.606 MeV level to 
0.843 MeV level is 75% (VA 67). The three peaks for 
4.738 MeV y-ray seem to support the assigned transition. 
The transition r -» 3*956 (5*235 MeV) obtained from the 
double escape peak of the 5-235 MeV y-ray is supported by 
the full energy peak of the 3-956 MeV y-ray. The 
positive assignment cannot be made because the double 
escape peak of 3-956 MeV y-ray at 2.934 MeV is not 
obvious due to the first escape peak of the 3-439 MeV 
(r -* 5-751) y-ray at 2.928 MeV which has a rather large 
peak intensity. The 5-831 MeV y-ray has a double escape 
peak at 4.809 MeV, which cannot be identified because of 
the 4.8l4 MeV (5-828 -* 1.013) Y-ray. An alternative 
assignment of the first escape peak of the 5-831 MeV 
y-ray (5-320 MeV) to the double escape peak of the 6.342 
MeV y-ray was not successful because the identification 
of the 6.342 MeV y-ray led to difficulty. The 
assignment of 5-831 MeV y-ray to the transition 5-828 -* 0 
seems to be most probable.
±k9
The fit in the region 6.0 - 7*0 MeV is relatively 
poor because 6.92 MeV and 7.12 MeV y-rays were not 
included in the fit. The strong intensity for the 6.129 
MeV y-ray indicates the background due to (p ,ay)^^0
reaction is strongly present in the spectrum, and the 
other y-ra.ys due to the de-excitation of ^ 0  cannot be 
ignored.
The reasons why some weak y-ray components were not 
included in the fit were mainly due to the following;
(1) the limited amount of computer core locations 
cannot accommodate all components in the fitting program 
especially in a complicated decay spectrum,
(2) the weak components are usually associated with 
large errors and even negative intensities.
The relative intensities shown in the decay scheme 
were derived from line shape analysis and from the 
estimation of photopeak and double escape peak areas. 
Table 6.8 shows the results obtained from the two 
different methods. In general, they agree to within 20$ 
on absolute basis. If the agreement between them was 
poor, the one considered most reliable was chosen 
otherwise the two results were averaged, Column 3 lists 
the intensities obtained from the estimations of 
photopeak and/or double escape peak areas using absolute 
photopeak efficiency as experimentally determined.
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Column 5 lists the intensities obtained from the total 
counts to zero energy deduced from line shape fits 
divided by the calculated total detector efficiency.
8.2 Angular correlation measurements at the 954 keV 
resonance
The 954 keV resonance level decays 16^ . to the 3*678
MeV level, 9% to the 5*828 MeV level and another 9$> to
the 5*751 MeV level enabling measurement of the spin of
the resonance level, the 3 *678, 5*751 and 5*828 MeV
levels. The spin of the resonance level was previously
reported to be ~ (OP 62), while those for 5*751 and 5*828
MeV levels have not been assigned. Since the 3*678 MeV
level was assigned by the present work to have J = -g- from
the angular distribution measurements at the 719 keV
resonance, the angular correlation measurements at 954
keV enable a further check on the assignment of this
level. The spectra were measured at 0°, 45° and 90°.
Table 6.9 summarizes the results.
The anisotropic distributions of the 8.178 MeV
(r -♦ 1.013) and 8.348 MeV (r -♦ 0.843) y-rays correspond
3 3to pure dipole transitions of the spin sequence — — and
3 1— -* — respectively, providing further confirmation that
3the spin of the resonance level is — .
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Tab1e 6.9
E (MeV) Interpretation A2
0.843 0.843 - 0. 0.00 + 0.02
1. OI3 1.013 - 0. -0.01 + 0.03
1*719 2.732 - I.OI3 -0.01 + 0.05
2.665 3.678 - 1.013 0.00 + 0.10
2.835 3.678 - 0.843 0.01 + 0.02
3.363 9.191 - 5*828 0.33 + 0.14
3.44o 9.191 - 5.751 -0.35 + o.o4
3 * 64o 9*191 - 5*551 -0.08 + 0.05
5*513 9.191 - 3.678 -0.44 + 0.03
6.459 9.191 - 2.732 -o.o4 + 0.06
8.178 9.I9I - 1.013 o.4o + 0.06
8.348 9.191 -» 0.843 -0.66 + 0.10
The anisotropy observed for the 5*513 MeV (r -* 3 .678)
y-ray corresponds to a pure dipole transition
3 1corresponding to — , which is consistent with the
3previous assignments of J = ^ to the resonance level and 
J = \ to the 3*678 MeV level. Furthermore, the isotropic 
distributions of the 2.665 MeV (3.678 - 1.013) and 2.835 
MeV (3*678 -* 0.843) y-rays are consistent with the 
measurements at the 719 keV resonance.
The spins of the 5*828 and 5*751 MeV levels have
1 3been discussed at the 839 keV resonance as — or ^* The 
anisotropy (A^ = 0.33 +. 0.l4) observed for the 3*363 MeV 
(r -* 5*828) y-ray corresponds to a pure dipole transition
3 3for spin sequence — -* — , which determines the spin of the
35.828 MeV level to be The observed cascades of the
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5*828 -* 1.013 (^) and 5-828 -♦ 0 ( — ) are consistent with 
the assignment.
The anisotropic distribution of the 3-440 MeV 
(r -* 5 .751) y-ray (A^ = -0.35 ± 0.04) differs 
significantly from a pure dipole transition (A = -0 .5 )
3 1corresponding to — however, a positive anisotropy
3 3A 0 = +0.4 is required for the spin sequence — -* — ; hence
3it is very unlikely that the 5-751 MeV level is a — state. 
The argument that the 5-751 MeV level cannot have a spin
ogreater than — leaves \ as the only possible assignment. 
This assignment is consistent with the observed decay of 
the 5-751 MeV level to the 0.843 (-§-) , 1.013 (l|) and 
2.980 (^ -) MeV levels and no decay of this level to the 
ground state (fj-) .
The angular distribution of the 3 • 640 MeV (r -* 5-55l) 
y-ray has A^ = -O.O8 _+ 0.05 corresponding to a pure 
dipole transition for — -* ^ (Table 6.1, C). This is in
agreement with previous suggestion based on transition 
strengths (VA 67) that the 5-551 MeV level is a ^ state.
Thus the spin of the 5-551 MeV level can be assigned with
5fair certainty as — .
The observed anisotropy for the 6.459 MeV (r -* 2.732)
is consistent with a pure dipole transition for the spin
3 5sequence 2 2' T*10 angul.ar distribution observed for
the 1.719 MeV (2.732 - 1.013) Y-ray (A = -0.01 + 0.05)
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determines the E2/M1 mixing ratio X = -0.10 +_ 0.04 , which 
is in agreement with the result of Ophel et a l . (OP 64)
and is in disagreement with that of Sheppard et a l .
(SH 67). (See Table 6.1, K).
9 . The 982 keV resonance (Ex = 9*218 MeV).
The angular correlation measurements of Almqvist 
et a l . (EN 6 2 ) at the 982 keV resonance indicated either 
jn = ~ + or ^+ for the resonance level and J17 = for the
2.732 MeV level. Since the transition strength from the 
resonance level to the 0.843 (-§-+ ) and 1.013 (lj+ ) MeV 
levels was found at most 3(/° of the ground state 
transition, the assignment of -~+ to the resonance level 
was favoured by Almqvist et a l .
Osgood (OS 65) identified the main cascades at this 
resonance as r -♦ 0, r — 2.73, r “*2.98, r — 6.13 and 
measured angular distributions of the first three gamma 
rays and the triple correlation for the cascade r — 2.73 
— 1.01. The measurements were consistent with either
5 7
J - 2 or 2 ^or the resonance level.
A spectrum measured at 55° and the decay scheme 
deduced from it (Figure 6.1l) confirmed all cascades 
deduced by Osgood; however, the resonance level also 
decays weakly to higher energy bound states at 6.778, 
7.471 and 8.184 MeV. A level at 8.2 MeV was excited in
Figure 6,11
Resonance spectrum and decay of the 982 keV 
resonance. Circles are data and the least 
squares line shape fit is the solid line.
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The present measurement establishes the level energy as 
8184 4_ 4 keV from the y-ray energies observed in the
reaction at Ep = 17.33 keV and found to decay partly to
provides evidence for decay to only the 2.98 MeV level.
The level at 6.778 MeV was reported to decay to the 
ground state (20^ ) , the 0.843 MeV level (55</°) , the 2.980 
MeV level (25$) and the 3*678 MeV level ( <: 20^) (VA 67); 
of these branches, decay to the 3*678 MeV level was 
evident in the spectrum at the 982 keV resonance. The 
reported strong branching from the 6.778 MeV level to the 
0.843 MeV level, however, was not observed.
The spin of the resonance level can not be uniquely 
determined from the transition strengths alone. The
e;decay of the resonance level to the ground state (— ), the
3 —cascade r -* 8.184 -> 0. Clearly the —  assignment is to 
be preferred.
p /
The 7*471 MeV level was excited in the ~ Mg(p,y)
the 2.21 MeV level (VA 67) whereas the present spectrum
2.732 MeV level. the 2.980 MeV level (^) , the 6.653
MeV level (^ -) and the 6.I6O MeV level suggests the
3 5resonance level is either ^ or The proposition of
TT 7 +J = - is rejected conclusively by the strong transition
r - 2.980 (19$ ) .
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The gamma-rays observed at the 982 keV resonance are
listed in Table 6.10. The relative intensity of y-rays 
were determined from line shape analysis and intrinsic 
full energy peak efficiencies.
Table 6.10
Gamm-rays observed at the 982 keV resonance
E (MeV) Interpretation RelativeIntensity
Branching 
ratio (rfo) 
(Resonance Level)
0.843 0.843 - 0 32.9
1 .013 1.013 -* 0 107 .
1.034 9.218 - 8.184 2.5 0.6
1.720 2.732 - 1.013 76.8
1.747 9.218 - 7.471 4.0 1
2.44i 9.218 - 6.778 3.8 1
2.565 9.218 -* 6.653 38.7 10
2.665 3.678 - I .013 1.7
2.736 2.732 - 0 23.2
2.836 3.678 - 0.843 3.2
2.983 2.980 - 0 72.9
3.057 9.218 - 6.160 l 4 .2 4
3.100 6.778 - 3.678 3.9
3.212 4.055 0.843 3-7
3.788 9.218 5.430 8.0 2
3.958 3.956 - 0 11.6
4.063 9.218 5.156 2.1 0.5
4 .417 5.430 - 1.013 8.0
4.492 7.471 - 2.980 4.0
5.156 5.156 -» 0 1.5
5.163 9.218 - 4.055 4.3 1
5.262 9.218 - 3.956 9-7 2
5.319 6.160 - 0.843 13.5
6.129 19F(p,ay)l60 339*
6.238 9.218 - 2.980 7 6.8 19
6.486 9.218 -* 2.732 100 25
6.653 6.653 0 42.6
8.184 8.184 -* 0 2.6
9.218 9.218 0 134 34
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10. Branching ratios of bound states
The branching ratios for a number of bound states 
which are excited by any of the 6 6 2 , 7 1 9 ? 809, 839, 954 and
982 keV resonances are summarized below. The branchings 
of levels below 3 MeV are well established (OP 64, LA 64) 
and are not included.
The 3 *6 7 8 MeV level was excited by the decay of the 
719 (24$), 839 (l4c/>) and 934 (l6^) keV resonance levels. 
The branching ratio of the 3 * 6 7 8 MeV level was obtained 
by averaging the results of the three resonances giving 
3 . 6 7 8  - 0.843 (6<yfo) and 3 . 6 7 8  - 1.013 (4o$) in agreement 
with previous results (VA 6 7 , WA 66).
The 3*956 MeV level was weakly excited {2<f>) at the 
662, 719, 809 and 982 keV resonances and only the ground 
state transition which had comparable strength to the 
primary y-ray was observed. Van der Leun et a l . (VA 6 7 ) 
has reported >80$> to the ground state whereas Spear et 
a l . (SP 6 7 ) find evidence for weak transitions to the
1.013 and 2.732 MeV levels.
The 4.4l0 MeV level was excited (8$>) at the 809 keV 
resonance level. The branchings from the 4.4lO MeV 
level are 4.4lO - 0 (6 7$) and 4.4lO -* 1.013 (33$)* No 
branching to the 2.209 MeV level was observed.
The 4.381 MeV level was observed (l^) at the 809 keV 
resonance level; only the ground state transition was
158
identified. A weak transition via the 2.209 MeV level 
(SP 67 ) could not be observed due to intense gamm-rays in 
the vicinity of the expected transitions.
The 4.812 MeV level was previously reported (VA 67) 
to decay to the ground state (4o$), the 1.013 MeV level 
( 25% )  and the 2.209 MeV level (35$). At the 719 keV 
resonance, the cascades 4.812 0 and 4.812 “♦ 2.209 were
both observed. The cascade 4.812 -* 1.013 (3*799 MeV) was 
not positively identified. This is because the full 
energy peak (3-799 MeV) and the double escape peak (2.777 
MeV) of the 3*799 MeV y-ray were obscured by the cascade 
y-rays 4.812 MeV (4.812 O) which has double escape peak 
energy 3*790 MeV and the 2.803 MeV (8.983 6 .I60 ) which
is strong (34$). There is surplus y-ray intensity feeding 
the 4.812 MeV level compared to that de-exciting the 4.812 
MeV level.
The 5*158 MeV level was excited weakly at 982 keV 
resonance and only the ground state transition was 
observed.
The 5,246 MeV level has been reported (VA 67) to 
decay to the ground state (10$), the 1.013 MeV level 
(70$) and the 2.209 MeV level (20$). The present study 
could only identify the cascade 5*248 -* 1.013 and 5*246 -* 
2.209 transitions at the 719 and 809 keV resonance levels 
with a branching ratio 25:7 5 *
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The 5.430 MeV level was excited at the 982 keV 
resonance and only transition to the ground state was 
observed.
The 5 «551 MeV level was excited at the 809 (l$) and 
954 (5$) keV resonances. The study at the latter 
resonance identified the cascades 5*551 “* 0 (80$) and 
5.551 1.013 (20$) whereas a previous report (VA 67)
suggested only a ground state transition.
The 5*751 MeV level, was excited at the 662 (3$ ) >
839 (1$) and 954 (9$) keV resonances. The study at the 
954 keV resonance determined the branchings as 5*751 “♦ 
0.843 (50$), 5*751 1.013 (l4$) and 5*751 - 2.980 (36$).
A suggested ground state transition (VA 67) was not 
observed.
The 5*828 MeV level was excited with intensities of 
9$ and 1$ at the 954 and 839 keV resonances respectively. 
The branching ratio was determined as 5*828 -♦ 0 (l6$) and 
5.828 - 1.013 (84$).
The 6.082 MeV level was observed to decay to the 
ground state from the study at the 662 and 839 keV 
resonances which both excite the 6.082 MeV level weakly
(2*).
The 6 .I6O MeV level was strongly excited at the 662 
(36$), 719 (34$) keV resonances and weakly at the 982 keV 
resonance (4$). The branchings were determined as
l6o
6.160 - 0 (8$), 6.160 - 0.843 (74%), 6.160 - 1.013 (12#)
and 6 .I6O 2.732 (6$) in accord with (VA 67).
The 6.606 MeV level was previously reported (VA 67) 
to decay to the ground state (15$), the 0.843 MeV level 
(75$) and the 1.013 MeV level (10$). The present work 
found that the 6.606 MeV level was weakly excited at the 
662 (2’jo), 719 (4$) and 954 (<T$) keV resonances. The 
investigation at the 719 keV resonance could only confirm 
the cascades 6.606 -* 0 and 6.606 -+ 0.843 with 1:5 ratio.
The 6.653 MeV level was found previously (VA 67) to 
have the branchings 6.653 0 (85%), 6 .653 0.843 (5$)
and 6.653 1.013 (lC$). The level was excited rather
strongly at the 719 (l4$) and 982 (l0$) keV resonances 
but the measurement at the 719 keV resonance could only 
confirm the cascades 6.653 “* 0 and 6.653 "* 1.013 with a 
ratio 88:12. The cascade gamma-ray 6.653 "* 0.843 (5.810 
MeV) has a double escape peak at 4.788 MeV which was 
obscured by the first escape peaks of two strong y-rays 
5.317 MeV (6 .I6O - 0.843) and 5.285 MeV (8.963 - 3 .678). 
At the 982 keV resonance, only the ground state 
transition was identified.
The 6.778 MeV level was reported (VA 67) to have the 
cascades 6.778 - 0 (20$), 6.778 - 0.843 (55$), 6.778 - 
2.980 (25$) and 6.778 -* 3.678 (£20$). The present
l6l
measurement at the 982 keV resonance, which excites the 
6.778 MeV level with intensity, only revealed the 
cascade 6 . 7 7 8  3 6780
The 6 . 8 1 3  MeV level was reported to decay to the 
0.843 MeV level (2 0$) , 1.013 MeV level (70$>) and the 
3 . 6 7 8  MeV level (10$) (VA 6 7 ). The 6.815 MeV level was 
weakly exci t ed (3$>.) at the 662 keV resonance and al lowed 
only the observation of the cascade 6.815 1 .0 1 3 »
The 6.997 MeV level was excited 4$» at the 809 keV 
resonance. The cascade from the 6.997 MeV level to the 
4.4l0 MeV level was observed,
The 7 »230 MeV level, was excited <1 at the 809 keV 
resonance and was observed to decay to the 2.209 MeV 
level, in agreement with a previous suggestion (VA 6 7)«
The 7 «471 MeV level was excited (l$>) at the 9 8 2 keV 
resonance and observed to decay to the 2 . 9 8 0  MeV level. 
The suggested decay via the 2 . 2 0 9  MeV level (VA 6 7 )  was 
obscured in the present work. The 5*262 MeV (7 .471 “* 
2 . 2 0 9 )  Y-ray has the same energy as the y-ray from the 
cascade 9 * 2 1 8  -» 3 * 9 5 8  ( 5 * 2 6 2  MeV) while the second y-ray 
of the cascade 7 * 4 7 1  -* 2 . 2 0 9  "* 0 was masked by the strong 
first escape peak of the 2 . 7 3 2  MeV y-ray at 2 . 2 2 1  MeV.
The 8.1.84 MeV level was excited <1$ at the 982 keV 
resonance. The ground state transition from the level
was observed.
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11. Spins
The present study confirms the previous spin 
assignments of the 662 (-§-), 719 (l|) , 809 (l|) , 839 ii) and
934 (— ) keV resonance levels. The previous assignment — 
to the 982 keV resonance level is conclusively rejected
3 3by the present work which favours the assignment — or — .
The angular distribution measurements at the 719»
809 and 934 keV resonance are considered to uniquely
determine the spins of the 3*678 (-g-), 3*246 (^ -) , 3*331
(§), 3*731 (i), 3*828 (|) and 6.I6O (|) MeV levels.
The spin of the 6.082 MeV level was proposed as —
from the intensity measurement alone.
The spin of the 4.4lO MeV level was assigned
previously as ^ (ME 63, VA 67). The present work
3suggests — is more likely.
The spin of the 3*000 MeV level was discussed in
section 2.1 of this chapter. The decay of the resonance
levels examined in the present work found no evidence for
excitation of the 3*000 MeV level. The decay through the
72.209 MeV level with spin of — was the highest spin state
observed. This fact alone indicates the 3*000 MeV level
9is a high spin state consistent with the assignment of — 
which is currently favoured.
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12. Discussion
The present investigations, combined with the 
results of Van der Leun et a l . (VA 67) serve as an 
illustration of the potential features of systematic 
studies of capture reactions with Ge(Li) detectors.
The question of group properties of resonances 
requires much more study. While closely spaced levels 
with the same spin and parity and virtually identical 
(and simple) decay schemes (e.g. the 2293 and 2323 keV 
levels) can be understood in a simple approach and 
similar examples occur in other reactions (ER 66), the 
case of the 662 and 719 keV resonance levels is less 
readily accounted for. Both levels decay strongly to 
the 6.l6 MeV level in contrast to all other levels 
studied (34 in total) but otherwise have dissimilar decay 
and different spins. Little more information concerning 
the levels can be derived from gamma-ray measurements - 
perhaps particle reactions leading to the levels as final 
states would aid an understanding of them.
The value of Ge(Li) spectra in determining decay 
schemes is obvious but less so until the measurements are 
made, is the fact that the spectra serve mainly to only 
indicate the branchings of the higher levels (i.e. above 
4 MeV). Accurate branching ratios are not possible
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except at particularly favourable resonances. Thus not 
only do surveys with Ge(Li) detectors establish 
resonances at which correlation measurements may be made 
with Nal detectors but they also serve to locate 
resonances at which coincidence measurements may be used 
to establish branching ratios. Such measurements will 
constitute the next phase of the program.
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FIGURE CAPTIONS
Figure 6.1 
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6
Decay scheme of the low-lying levels of A1. 
Resonance spectrum and decay scheme of the 
662 keV resonance. Circles are data and the 
least squares line shape fit is the solid 
line .
The y-ray spectra observed in coincidence 
with the energy intervals shown at the 719 
keV resonance. All spectra collected for 
10^ monitor counts (OS 65).
Resonance spectrum and decay scheme of the 
719 keV resonance. Circles are data and the 
least squares line shape fit is the solid 
line .
Plot of the coefficient of P^(cos 9) term 
versus arctangent of X, the quadrupole/dipole
3 1mixing ratio, for the transition — -♦ —
Table 6.1, A).
Plot of the coefficient of P^(cos 9) term 
versus arctangent of X, the quadrupole/ 
dipole mixing ratio, for the transition 
I - ~ (Table 6.1, B).
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Figure 6.7
Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11
The contour plot of the coefficient of
Pv(cos 9) term for the spin sequence
3 3 1~ “* 2 ~S with first y-ray unobserved
(Table 6,1 i). The hatched area indicates 
the possible region determined by the 
experimental value.
Resonance spectrum and decay scheme of the 
809 keV resonance. Circles are data and the 
least squares line shape fit is the solid 
line .
Resonance spectrum and decay scheme of the 
839 keV resonance. Circles are data and 
least squares line shape fit is the solid 
line .
Resonance spectrum and decay scheme of the 
95^ + keV resonance. Circles are data and the 
least squares line shape fit is the solid 
line .
Resonance spectrum and decay of the 982 keV 
resonance. Circles are data and the least
squares line shape fit is the solid line.
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APPENDIX
COMPUTER PROGRAMS
1. FUNFIT (Function Fit)
2. GEEFFANG (Germanium Detector Efficiencies and 
Angular Correlation Attenuation Factors)
3. FITTER
a. LNESHAPE (Generate Line Shapes and Store 
on Disk)
b. LEASTFIT (Least Squares Line Shape Fit)
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